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Abstract

The minimization of cost and energy consumption of future particle accelerators, both large and
small, depends upon the development of new materials for the active surfaces of superconducting
RF (SRF) accelerating structures. SRF properties are inherently a surface phenomenon as the RF
only penetrates the London penetration depth A, typically between 20 and 400 nm depending on the
material. The greatest potential for dramatic new performance capabilities lies with methods and
materials which deliberately produce the sub-micron-thick critical surface layer in a controlled way.
Thus, two opportunities arise for the use of SRF thin films as single layer superconductor or multilayer
Superconductor-Insulator-Superconductor structures:

SRF properties are inherently a surface phenomenon, and when other technological processes are
optimized, the fundamental limit to the maximum supportable RF field amplitude is understood to
be the field at which the magnetic flux first penetrates into the surface, H.;. Niobium, the material
most exploited for SRF accelerator applications, has H,y ~ 170 mT, which yields a maximum acceler-
ating gradient of less than 50 MV /m. Thus, new materials must be investigated to push this limit to
the desired range. Although many compounds have shown higher critical superconducting transition
temperature (T.), their critical field (H.1) is lower than niobium. To circumvent this issue, a Super-
conductor/Insulator/Superconductor (S-I-S) multilayer films approach has been proposed to achieve
performance in excess of that of bulk Nb. In this system, the critical field is enhanced and the fluxon
penetration delayed by using, on top of the Nb surface, a superposition of superconductor layers, each
less than a penetration depth in thickness, separated by a dielectric layer a few nanometers thick. For
bulk type-II superconducting materials, vortex entry occurs at surface magnetic field H.;. The key
aspect of Gurevich’s analysis is the recognition that vortex entry is inhibited if the surface layer thick-
ness (d) of the superconductor is less than the penetration depth, A. The overlayer provides magnetic
screening of the underlying Nb with the attenuation factor exp(d/ Ag). The Nb surface can remain in
the Meissner state at fields much higher than in bulk due to the increase of the parallel H.; in a thin
film. This could potentially lead to further improvement in RF cavity performance using the benefit of
the higher-T, superconductors without being limited by their lower H,;.

Niobium on copper (Nb/Cu) technology for superconducting cavities has proven over the years to
be a viable alternative to bulk niobium. However the deposition techniques used for cavities, mainly
magnetron sputtering, have not yielded, so far, SRF surfaces suitable for high field performance.

High quality films can be grown using methods of energetic condensation, such as Electron Cy-
clotron Resonance (ECR) Nb ion source in UHV and High Power Impulse Magnetron Sputtering (HiP-
IMS) with energetic ions only and neutral atoms significantly blocked. The main advantages of these
techniques are the production of higher flux of ions with controllable incident angle and kinetic energy
and the absence of macroparticle production.

The project in general, is focusing onto understanding the physics underlying the RF superconduc-
tivity in layered structures and developing SRF material films suitable as substrate and S-I-S multilayer
structures. In first hand, the primary focus is to understand the physics governing the relationship be-
tween growth conditions, film microstructure and RF performance for SRF materials produced by
energetic condensation. The deposition by energetic condensation in UHV via ECR and HiPIMS are
studied for Nb and B1 superconducting compounds on substrates with various lattice match and sur-
face conditions (in-situ etching, high energy assisted atomic annealing, deposition temperature). The
general energy-temperature zone model developed by André Anders is explored to define the optimized
coating conditions for films suitable for single layer and multilayer SRF structures. The contribution
of both the ion incident energy and the substrate lattice energy on the nucleation of the SRF materials
considered, and some insulating materials (AIN and MgO) and the influence of the coating conditions
on the resulting materials, superconducting and/or RF properties will be investigated. Attention is be
given to minimize the residual stress (intrinsic and thermal) with the choice of lattice match between
the film and substrate materials, the coating temperature, and to evaluate the coating methods used
in terms of conformality for 3D structures. In second hand, as a proof of concept, the coating condi-
tions developed will be used to prepare multi-layer superconductor/insulator/superconductor (S-I-S)
films having high quality factor and high gradient breakthrough potential. A thick Nb film (> 1um)
could be used as a substrate. Particular attention is given to the interface between superconducting
and insulator films. For this work, various material analyses techniques have been used to character-
ize each type of thin film material: electron backscatter diffraction (EBSD), X-ray diffraction (XRD),
high-resolution scanning electron microscopy (SEM), transmission electron microscopy (TEM), stylus
and AFM profilometry, secondary ion mass spectroscopy (SIMS), scanning auger microscopy (SAM).
Superconducting and RF measurements are also performed (RRR, T., and low-temperature SRF sur-



face impedance, SQUID-magnetometry). The insight gained from this project on the physics involved
in RF superconductivity of layered structures open the way to enable major reductions in both capital
and operating costs associated with future particle accelerators across the spectrum from low foot-
print compact machines to energy frontier facilities. Realization of quality thin film SRF cavities may
dramatically change the cost structure of acceleration systems and significantly improve performance
consistency and reliability.

Keywords : Superconducting RF, thin films, niobium, multilayer.

DEVELOPPEMENT DE COUCHES MINCES DE MATERIAUX SRF POUR AUGMENTER LES
PERFORMANCES DES STRUCTURES SRF AU-DELA DU NB MASSIF

Résumé

La réduction du cotit et de la consommation d’énergie de futurs accélérateurs de particules,  grande
ou petite échelle, dépend du développement de nouveaux matériaux pour la surface active des structures
supraconductrices en radiofréquence (SRF). Les propriétés SRF sont intrinséquement un phénoméne
de surface vu que la RF ne pénétre que la profondeur de pénétration, typiquement entre 20 et 400
nm en fonction du matériau. Le plus grand potentiel d’amélioration des performances réside dans le
développement de méthodes et de matériaux qui produisent délibérément la surface critique d’épaisseur
nanométrique d’une maniére controlée. Ainsi, deux opportunités se présentent pour l'utilisation de
couches minces de matériaux SRF en monocouche ou en structures multicouches supraconducteur-
isolant-supraconducteur (S-I-S) :

Les propriétés SRF étant de fagon intrinséque un phénomeéne de surface, lorsque d’autres procédés
technologiques sont optimisés, la limite fondamentale & ’amplitude maximale de champ RF applicable
est comprise comme étant le champ H.; ou le flux magnétique commence & pénétrer la surface. Le
niobium (Nb) est le matériau le plus exploité pour les applications d’accélérateur SRF, pour lequel
le champ H.; 170 mT, ce qui donne un gradient de champ accélérateur maximum de moins de 50
MV /m. De nouveaux matériaux doivent donc étre développés afin de repousser cette limite plus loin.
Bien que de nombreux composés aient une température critique de transition supraconductrice (T,)
supérieure, leur champ critique (H.;) est inférieur & celui de niobium. Pour contourner ce probléme, une
approche basée sur des multicouches supraconducteur -isolant- supraconducteur (S-I-S) a été proposée
par A. Gurevich pour atteindre une performance supérieure a celle du Nb massif. Dans ce systéme, le
champ critique est augmenté et la pénétration des fluxons retardée en utilisant, au-dessus de la surface
de Nb, une superposition de couches supraconductrices, d’épaisseur plus faible que la profondeur de
pénétration A, séparées par une couche diélectrique de quelques nanométres d’épaisseur. Pour des
matériaux supraconducteurs de type I, ’entrée des vortex se produit au champ magnétique de surface
H.;. L’idée clé de 'analyse de Gurevich est la reconnaissance que 'entrée de vortex est retardée si
I’épaisseur de la couche de surface (d) du supraconducteur est inférieure & la profondeur de pénétration,
A. La surcouche fournit un blindage magnétique de la surface de Nb sous-jacente avec un facteur
d’atténuation exp (d / A\g). La surface Nb peut ainsi rester dans I’état Meissner a des champs beaucoup
plus élevés que pour le Nb massif du fait de 'augmentation du champ H.; paralléle dans une couche
mince. Cela permettrait une amélioration de performances des cavités SRF en profitant de matériaux
supraconducteurs a T, élevée, sans étre limité par leur faible H.y. Au cours des années, la technologie
niobium sur cuivre (Nb/Cu) pour les cavités supraconductrices a prouvé étre une alternative viable au
Nb massif. Cependant, les techniques de dépot utilisées jusqu’a présent, principalement la pulvérisation
magnétron, n’ont pas produit des surfaces SRF permettant d’atteindre de bonnes performances & champ
éleve.

Des films de haute qualité peuvent étre déposés en utilisant des méthodes & condensation éner-
gétique, comme une source ultravide (UHV) d’ions & résonance cyclotron électronique (ECR) et la
pulvérisation & magnétron pulsé & haute puissance (HiPIMS) avec uniquement des ions énergétiques,
les atomes neutres étant bloqués de maniére significative. Les principaux avantages de ces techniques
sont, la production de flux d’ions importants avec un angle d’incidence et une énergie cinétique contro-
lables ainsi que l’absence de production de macro-particules. Le projet se concentre, en général, sur
I’étude des phénoménes physiques gouvernant la supraconductivité RF pour des structures en couches
et le développement de couches minces de matériaux SRF appropriés sous forme de substrat et de
structures multicouches S-I-S. En premier lieu, l'objectif principal est de comprendre la relation entre
les conditions de croissance, la microstructure du film et de la performance RF pour les matériaux SRF



produits par la condensation énergétique. Le dépot par condensation énergétique en ultravide par ECR
et HiPIMS est étudié pour le Nb et certain composés Bl supraconducteurs & définir sur des substrats
avec accord de maille et des conditions de surface différents. Le modéle de zone énergie-température mis
au point par André Anders est exploré afin de définir les conditions de dépot optimales pour produire
des films adéquats pour des applications SRF en monocouche et en structures multicouches. La contri-
bution de I’énergie & la fois des ions incidents et du réseau du substrat sur la nucléation des matériaux
SRF considérés et des matériaux diélectriques (AIN et MgO) ainsi que 'influence des conditions de
dépot sur les propriétés structurelles, supraconductrices et /ou RF seront étudiées. Une attention parti-
culiére sera accordée & minimiser les contraintes résiduelles (intrinséque et thermique) avec le choix du
substrat et son traitement in-situ avant dépot ainsi que la température de dépot. En second lieu, les
conditions de dépot développées sont utilisées, comme preuve de concept, pour préparer des structures
multicouches S-I-S ayant le potentiel d’atteindre des gradients de champ élevés. Une couche de Nb
épaisse (> lum) peut étre utilisée comme substrat. Une attention particuliére est accordée a 'interface
entre les couches supraconductrices et diélectriques. Pour ce travail, diverses analyses de matériaux
techniques ont été utilisées pour caractériser chaque type de matériau : diffraction aux électrons ré-
trodiffusés (EBSD), diffraction aux rayons X (XRD), MEB & haute résolution, MET, profilométrie,
microscopie & force atomique (AFM), SIMS, SAM). Des mesures des propriétés supraconductrices et
RF sont également effectuées (RRR, T, résistance de surface SRF a basse température, magnétométrie
SQUID). La connaissance et les résultats acquis lors de ce projet permettront d’envisager d’importantes
réductions dans les cotits de production et d’opération associés aux futurs accélérateurs de particules,
qu’ils soient des machines compactes ou des installations & la frontiére de I’énergie. La réalisation de
couches minces de qualité pour cavités SRF changera radicalement le cott des systémes d’accélération
et améliorera de fagon significative leur performance et fiabilité.

Mots-clefs : Supraconductivite RF, couches minces, niobium, multi-couches.
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Particle accelerators are essential tools in nuclear and high energy physics research. They
also have many other applications in the medical, defense fields for example. A key compo-
nent of the high energy accelerators is the superconducting radio-frequency (SRF) cavity, a
resonating electromagnetic structure operated in the microwave regime to impart energy to
the charged particles in the beam.

Bulk niobium (Nb) has been the material of choice for SRF cavities for several decades
mainly because of it is the elemental material with the highest critical temperature, the highest
lower critical magnetic field and with relatively good mechanical properties. Considerable
efforts have been devoted in the past years to enhance the performance of Nb bulk cavities
which are now reaching the intrinsic limit of the material. Further significant breakthrough in
SRF cavity technology can only be achieved by the use of alternative materials and new surface
treatments. Since the RF field penetration into a superconducting surface is very shallow, SRF
is essentially a surface phenomenon. As such, one can imagine to use thin films as the active
superconducting surface. The concept of a thin layer of Nb deposited on the inner surface
of a castable cavity structure made of copper (Cu) or aluminum (Al) opens the possibility
to dramatically change the cost framework of SRF accelerators by decoupling the active SRF
surface from the accelerating structure definition and cooling. The viability of SRF Nb films
on Cu (Nb/Cu) technology has been demonstrated with pioneer studies at CERN [1, 2, 3|
and the successful implementation of this technology in LEP-2 with 352MHz cavities. Due to
defects inherent to the technique used for Nb deposition, the Nb/Cu cavities produced suffered
a significant reduction of Q with increasing accelerating gradients [4].

The challenge in developing SRF Nb thin films is to reproduce and go beyond the perfor-
mance of bulk Nb. While tight correlation with the characterization of real materials has yet to
be described, there exists a theoretical framework describing the relevant material parameters
of surfaces as they influence SRF properties. Several material factors, highly dependent upon
the surface creation conditions, contribute to degraded SRF performance with respect to ideal
surfaces. These limiting factors such as intra-granular impurities and lattice defect density,
inter-granular impurities and oxidation, surface topography and chemistry, may lead to the
reduction of the electron mean free path, thus the reduction of the lower critical field H.;.

Thus, understanding of the film growth dynamics from nucleation to final exposed surface
is crucial. The defect density (which determines the electron mean free path) within the RF
penetration depth is certainly affected by intragrain contaminants incorporated during the final
stage film growth, but it is also strongly affected by the underlying crystal texture, which is in
turn developed from the initial film nucleation process, which necessarily is strongly influenced
by the substrate. The development of every stage can be expected to depend strongly on
the kinetic energy distribution of the arriving Nb ions. Although the thickness submitted to
the RF field corresponds to the very top 40 nm of the Nb film, this final surface is dictated
from its origin, i.e. the substrate, the interface, and deposition technique (ion energy, substrate
temperature /dots). By opposition to bulk Nb surfaces, the top Nb film surface is anticipated to
be the cleanest. Other superconducting materials with a 7¢ higher than Nb (9.27 K) have also
been of interest for SRF applications. For a superconducting material to be a good candidate
for SRF applications, it needs a high T, and a low resistivity in the normal state to minimize
RF losses. Additionally, a high thermodynamic critical field, H., and a high lower critical
field, H.1, are necessary to maximize accelerating gradients. Although many superconducting
compounds have T, and H, larger than Nb, their H.; is generally lower than Nb.

Recently, a concept [5] has been proposed to take advantage of these high-T. supercon-
ductors without being penalized by their lower H.i. SRF cavities are coated with alternating
superconducting and insulating (SIS) layers with a thickness d smaller than the penetration
depth X so the Meissner state can be retained at a magnetic field much higher than the bulk
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H_.1. The thin higher-T; layers provide magnetic screening of the bulk superconducting cavity
delaying vortex penetration. The BCS resistance is also strongly reduced because the envi-
sioned superconducting materials (NbgSn, NbTiN ...) have a larger superconducting gap A
than Nb. With such structures, the cavity quality factor, Q, at 4.2 K could be increased a
couple orders of magnitude above Nb values.

The subject of this dissertation is the engineering of Nb films for improved SRF perfor-
mance and the demonstration of the phenomenology and the development of multi-layered SIS
(superconductor-insulator-superconductor) SRF film structures following the concept proposed
by Gurevich. The understanding of the dependence of the final RF surface for Nb and multi-
layer films on the characteristics of the films produced, the nucleation, the diverse deposition
parameters, substrate nature, temperature and morphology is of primary importance. The
quality of the resultant thin film is heavily influenced by the deposition technique utilized.
With the availability of energetic condensation techniques [6], films with a wide range of struc-
ture and features potentially relevant to RF performance can be produced. In this context,
Nb films have been produced for this work using an Electron Cyclotron Resonance (ECR) Nb
ion source in ultra-high vacuum (UHV). The main advantages are the production of a high
flux of singly charged ions with controllable kinetic energy and the absence of macro-particle
production. For the multilayer structures development, the deposition techniques pursued are
reactive magnetron sputtering and high power impulse magnetron sputtering (HiPIMS). Film
growth is approached in three phases: Film nucleation on substrate, growth of an appropriate
template for subsequent deposition of the final RF surface and deposition of the final surface
optimized for minimum defect density.

This dissertation is organized as follows:

e Part [ introduces the basics of superconductivity, the state of the art for superconducting
RF bulk and Nb/Cu technologies. It introduces a theoretical proposal to enhance the
current technologies along with alternate materials to Nb.

e Part II introduces the general phenomenology of film growth and the techniques used in
this work to create SRF thin films.

e Part III describes the characterization techniques used for these experimental studies.

e Part IV is dedicated to the results of the development of Nb films via energetic conden-
sation. Exploration of the Structure Zone diagram for ECR plasma deposition.

e Part V presents the fabrication and characterization of multilayer SIS structures based on
NbTiN and AIN providing some results towards the RF proof of principle of the proposed
model in Part I

e Finally, part VI summarizes the important results of this dissertation and a roadmap for
future work.



18



19

Part 1

Background
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The key component of the high energy accelerators is the superconducting radio-frequency
(SRF) cavity which imparts energy to the charged particles in the beam. This part introduces
briefly, in chapter 1.1 the basics of superconductivity and the superconducting parameters
relevant in the RF regime where SRF cavities are operated. It also introduces the concept
of multilayer structures based on higher T, materials proposed to enhance the RF behavior
of SRF cavities. A description of the state of the art for bulk Nb and Nb/Cu technologies
is treated in chapters 1.2 and 1.3. Finally, chapter 1.4 gives an overview of superconducting
materials with higher T, than Nb that could be considered as potential alternatives to Nb for
SRF applications.



Chapter 1.1

Superconducting Radio-Frequency

In this chapter, phenomenological aspects of superconductivity are introduced along with some
rudimentary theoretical background. For a rigorous treatment, see References [7, 8, 9]. The
particular case of superconductivity in the radio-frequency (RF) regime is then addressed along
with the parameters relevant to SRF cavities.

I.1.1 Basics of superconductivity

Superconductivity was discovered in 1911 by H. Kamerlingh-Onnes in mercury, lead and tin,
when he observed a complete disappearance of the electrical resistance below the material-
specific critical temperature T.. A complete theoretical understanding of classic superconduc-
tors was not achieved until Bardeen, Cooper and Schrieffer formulated the first microscopic
theory, known as the BCS theory, in the 1950s. Since then, many elements and compounds
have been found to possess superconducting properties. Among these superconducting ele-
ments, niobium (Nb) has the highest critical temperature and relatively high critical fields,
which motivates its choice as a material for superconducting RF cavities.

The behavior of electrical resistivity was among the first problems investigated by Kamer-
lingh Onnes [10, 11], after he achieved the liquefaction of helium. In 1911, measuring the
resistance of a mercury sample as a function of temperature, he found that, at about 4 K,
it falls abruptly to a value which he could not distinguish from zero. He called this extraor-
dinary phenomenon superconductivity and the temperature at which it appears the critical
temperature T..

When a metallic ring is exposed to a changing magnetic field, a current will be induced
which attempts to maintain the magnetic flux through the ring at a constant value. For a body
with resistance R and self-inductance L, this induced current will decay as

I(t) = I(0)e" 21 (2). (1.1.1)

I(t) can be measured with great precision (for example, by observing the torque exerted by
the ring upon another, concentric one which carries a known current) and a long series of
experiments demonstrates the absence of any detectable decay: the current induced in a su-
perconducting ring will persist indefinitely without dissipation. However, superconductivity
is destroyed by the application of a sufficiently large magnetic field. If the current exceeds a
critical current, the superconducting state will also be destroyed.

21
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ixe

T>Te T<Tc

Figure I.1.1: Diagram of the Meissner effect

I.1.1.1 Perfect diamagnetism

If a perfect conductor is placed in a dc external magnetic field Hgy, provided that Heyy is
lower than the critical field, no magnetic flux can penetrate the specimen. Induced surface
currents maintain the internal flux, and persist indefinitely. In 1933, Meissner and Ochsenfeld
made an important discovery regarding the magnetic behavior of a superconductor compared
to a perfect conductor |7, 12, 13]. Their careful measurements of the field distribution around
a spherical specimen indicated that regardless of the path of transition the magnetic flux is
expelled from the interior of the superconductor and the magnetic field H vanishes. This is
called the Meissner effect and shows the reversible character of the superconducting transition.

I1.1.1.2 Phenomenological approach with the London equations

In 1935, Fritz and Heinz London examined quantitatively the fundamental fact that a metal
in the superconducting state expels magnetic fields. Their analysis starts with the two-fluid
model of Gorter and Casimir [14]. The only crucial assumption of this model to consider is
that in a superconductor at a temperature T' < T, only a fraction ns(7") of the total number of
conduction electrons participate in a supercurrent. The quantity ns(T) is known as the density
of superconducting electrons. It approaches the full electrostatic density n as T falls well below
T,, but it drops to zero as T rises to T.. The remaining fraction of electrons is assumed to
constitute a normal fluid of density n-ngthat cannot carry an electric current without normal
dissipation.

The normal current and the supercurrent are assumed to flow in parallel. Since the super-
current flows with no resistance, it will carry the entire current induced by any small transitory
electric field and the normal electrons will remain quite inert. Normal electrons are therefore
ignored in the following discussion (the exact role of the normal electrons will be detailed in §
1.1.1.7).

In the presence of an electric field, the superconducting electrons will be freely accelerated
without dissipation so that their mean velocity vs will satisfy

dVs
—5 = _¢E 1.1.2
m-- = e (1.1.2)
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The current density carried by these electrons is j = —eVgng, Equation 1.1.2 can then be
written as
di  nge?
= = E [.1.3
dt m ( )

The above equation is known as the first London equation. Substituting 1.1.3 into the
Faraday’s law of induction,

10H
VxE=——"" (1.1.4)

the following relation between current density and magnetic field can be obtained:

0 . nse?
= (v PR H) -0 (L.1.5)

This relation, together with the Maxwell equation

4

VxH=—] (1.1.6)

determines the magnetic fields and current densities that can exist within a perfect con-
ductor. Any static field H determines a static current density j through Equation I1.1.6. Since
any time independent H and j are trivial solutions of 1.1.5, the two equations are consistent
with an arbitrary static magnetic field. This is incompatible with the observed behavior of
superconductors, which permit no fields in their interior. The London brothers discovered that
this characteristic behavior of superconductors could be obtained by restricting the full set of
solutions of 1.1.5 to those that obey

nse

Vx H=

H (L1.7)

mc

71562

The Meissner effect requires that the quantity V x j + %2~ H to be not only independent
in time but also to be zero. Equation (I.1.8) is known as the second London equation.

2
Vxji+ 2 gy (L1.8)
me
Equations 1.1.6 and 1.1.7 imply that
4 2
viH =" g (1.1.9)
me
47771562 .

(1.1.10)
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These equations predict that currents and magnetic fields can only exist in superconductors
within a certain thickness of the surface layer, Ar, known as the London penetration depth and
given by

2

mce
AL, = — I.1.11
L 4dmnge? ( )

The London penetration depth is temperature dependent and approaches, corresponding
to full penetration of the field in the material, as the temperature approaches T..

I.1.1.3 Microscopic theory of Bardeen, Cooper and Schrieffer (BCS) - brief
description

The microscopic theory of superconductivity was developed by Bardeen, Cooper and Schrieffer
in 1957 [15] and is known as the BCS theory.

The theory of superconductivity requires a net attractive interaction between electrons in
the neighborhood of the Fermi surface. At the low temperature required for superconductivity,
lattice vibrations (phonons) are minimal. As such, electrons travelling through a metal can
cause a lattice distorsion due to the Coulomb attraction with the positively charged ion cores.
This lattice distorsion ceates a small volume with a net positive charge that attracts another
electron in the material. Although the direct electrostatic interaction is repulsive, it is possible
for the ionic motion to screen the Coulomb interaction, leading to a net attraction between
electrons.

The screening by the ionic motion can yield a net attractive interaction between electrons
with energies sufficiently close together (roughly separated by less than barhwp, a measure of
the typical phonon energy). This attraction underlies the theory of superconductivity.

Given that electrons whose energies differ by O(barhw,) can experience a net attraction,
the possibility arises that such electrons might form bound pairs in a boson-like state. This
pairs are called Cooper pairs.

Because Cooper pairs behave like boson, the Pauli Exclusion Principle does not apply and
the electrons can occupy the same electronic quantum state.

The BCS theory constructs a ground state in which all electrons form bound pairs. Each
electron plays a dual role: it provides the necessary restriction on allowed wave vectors (via
the exclusion principle) that makes possible the binding of other pairs in spite of the weakness
of the attraction and participates itself in one of the bound pairs.

The spatial range of the pair wave functions is defined as the coherence length £qy. Itis very
large compared with the spacing between electrons rs. A crude estimate of &y can be:

hvp

= 1.1.12
T, (L1.12)

&o

&o is typically of the order of 103 A.

Because Cooper pair lengths are much larger than lattice spacings, they can overlap and
interact with each other causing a condensation of boson-like particles.
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Although the paired state is energetically favorable below T, not all electrons are in the
boson ground state when 0 < T < T'., due to the finite probability that some pairs are split by
thermal excitations across an energy gap, 2A(T). This probability is governed by the Boltzmann
factor exp(-A(T")/kpT') where kpis the Boltzman constant. Below T = 7'./2, the Cooper pair
density ng (T) is close to ng (T = 0), and the number of unpaired electrons is given by

A(T)
kpT

ne ~ 2ng (T = 0) exp (— ) (7 < Loy (1.1.13)

In this temperature range the energy gap A(T) is also close to its zero temperature value.

I[.1.1.4 Characteristic figures of merit of superconductivity
Critical temperature

In zero magnetic fields, superconducting ordering sets in at a critical temperature given by

S
kT, = 1.13hwe NoVo (I.1.14)

where Nois the density of electronic levels (g(er)) for a single spin population in the normal
metal (g(er)/2) and Vo is the effective electrons coupling. No matter how weak Vj is, the theory
predicts a transition, though it may be at an unobservably low temperature.

Superconducting energy gap

The bound state energy E is typically within kT, of Ef. Close to the Fermi surface, there
exists an energy gap 2A corresponding to the energy required for pair breaking. This gap is one
way to characterize the superconducting state. The BCS theory predicts a relation between
the pairing energy and the critical temperature.

The following formula is predicted for the zero-temperature energy gap:

A (0) = 2hwe” ™% (1.1.15)

The ratio of equations (I.1.14) and (I.1.15) leads to a formula independent of the phe-
nomenological parameters:

A(0)
=1. 1.1
kpT. 70 (1.1.16)

The actual size of the gap is different from one material to another due to the difference
in electron-phonon interaction strength. For Nb, the supeconducting energy gap is quite large
(A(0)/kpT. = 1.9) thus its significant interest for SRF applications.



26 BASICS OF SUPERCONDUCTIVITY

Figure 1.1.2: Surface energy for type I and II superconductors

The coherence length and effective penetration depth

The size of a Cooper pair is characterized by the coherence length . Pippard [16] studied the
role of scattering impurities:

Based on the evidence that the coherence length depends on the mean free path of electrons
in the material with

o1l (11.17)

£ & I

he introduced an effective penetration depth to underlines the penetration depth increases
with a reduction of the mean free path [17].

Aeff = AL - 20 (1.1.18)

where &g is the characteristic coherence length of the superconductor. For "clean" super-
conductors, [ = 00 s0 £ =&,. If | € &, then £ = [.

Classes of superconductors and the Ginzburg-Landau parameter

Two classes of classic (low temperature) superconductors exist, known as type I and type IIL.
While the superconducting mechanism is the same in both cases, the surface energy for normal
conducting-superconducting boundaries differs, resulting in different behavior for type I and
type Il superconductors in a magnetic field (figure 1.1.2).

For type I superconductors, the surface energy is positive. This class remains in the perfect
Meissner state in applied dc fields up to a temperature dependent critical field He.

Type IT superconductors (such as Nb, NbN, NbgSn ...) are different because the surface
energy of a superconducting-normal conducting interface is negative, so that the creation of
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interfaces can be energetically favorable. They expel a dc magnetic field completely up to a
lower critical field He1. Rather than quenching above this value, though, they enter what is
known as the mized state, where normal conducting cores form in the superconductor. The
density of these flux tubes,the so-called fluzons or vortices, increases with Heszt until the entire
sample becomes normal conducting at an upper critical field Heo (see § 1.1.1.7 for more details).

A method for determining a superconductor type uses the Ginzburg-Landau (GL) parameter
k defined as:

A
k=C_E. (1.1.19)
€o
The distinction between the two types of superconductors is as follow:
< ! Typel (1.1.20)
K NG ypel 1.
1
k>—  Typell. (I.1.21)

V2

Critical fields

When electrons condense into Cooper pairs, the resulting superconducting state becomes more
highly ordered than the normal-conducting state. Since only those few electrons within kT .of
the Fermi energy are involved, the entropy difference is small. The free energy in the super-
conducting state is lower than that in the normal-conducting one. Here free energy is

F=U(T)-TS (1.1.22)

where U, is the internal energy and S the entropy. As mentioned earlier, when an external
dc magnetic field H.xt is turned on, supercurrents flow in the penetration depth to cancel out
the field in the interior. This rises the free energy of the superconducting state.

He
Fy(H)=F,= Fy(H=0)+ u,V; HdH (1.1.23)
0
Here Vis the superconductor volume. All the flux enters the superconductor at H., which
is the thermodynamic critical field. The second term in I.7.34 is the work done on the super-
conductor to establish the screening currents:

. /"LO‘/Sch

F, — Fs;(H) 5

(1.1.24)

The BCS theory leads to an expression for the free energy of electrons in the superconduct-
ing state from which various thermodynamic properties, including He, can be derived.

In particular one can calculate the zero temperature thermodynamic critical field

A(0) 2

H?  34T2
Hole _ TV c =) = 0236917 (1.1.25)
Blc

2 A4r2

(
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Figure 1.1.3: Magnetization as a function of applied field for type I and type Il superconductors

Here v is the coefficient of the linear electronic specific heat in the normal state
(w2 /3)k*pg(er)). It is important to note that the thermodynamic critical field increases
proportionally to T.. Therefore the higher transition temperature superconductors, such as
NbsSn, are interesting for accelerating cavities because of the promise of higher operating fields.
Note that v is related to the electronic density of states and thereby reflects the role of the
electronic structure of the material.

The elementary BCS prediction for H.(T) is often expressed by the empirical law:

) (1.1.26)

Type I-superconductors remain in the Meissner state until the critical field H. is reached
which forces the material into the normal state.

Type Il-superconductors have three phases: the Meissner, mixed and normal states. They
are then characterized by two critical fields:

e The lower critical field H.; at which the material transitions from the Meissner state to
the mixed state.

e The upper critical field H.o above which the material becomes fully normal.

The generalized magnetic response of both classes of superconductors is represented in
figure [.1.3.

Nb is a marginal type Il-superconductor for which its critical fields are very close in value.

At zero temperature, Hoy V0 = 170 mT, H,N*=200 mT, HpV? = 240 mT.
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I.1.2 Superconducting RF

The superconducting accelerating cavities used in accelerators are operated in the RF regime
where the superconductor behavior differs from the DC regime.

I.1.2.1 Superconductor surface resistance

Although superconductors do not exhibit any dc resistivity, there are small losses for RF cur-
rents. This fact can be explained by a model of interpenetrating normal conducting electrons
and superconducting Cooper pairs when T > 0 (the two-fluid model). Collisions between
Cooper pairs and lattice defects, impurities or phonons are insufficient to split the pairs and
scatter them out of the ground state. Any current carried by these pairs flows without resis-
tance. However, the unpaired electrons can be scattered and dissipate energy. Nevertheless,
the dc resistivity of a superconductor is zero because the lossless Cooper pairs current expel
any fields in the superconductor. The normal conducting electrons never see an electric field
and do not contribute to the current flow.

In the RF case the situation is different. Although Cooper pairs cannot be scattered, they
do possess inertia. At microwave frequencies, they no longer screen externally applied fields
completely and normal conducting electrons are accelerated. This component of the electron
fluid then causes power dissipation. By equation 1.1.13, the number of unpaired electrons
declines exponentially with temperature and one observes a corresponding decline in the surface
resistance of the superconductor.

The application of the two fluid model yields a surface resistance that drops exponentially
to zero at T'= 0.

%) (1.1.27)

T
Ry o w?exp (—STC> (T <

With T being the working temperature and T the superconducting transition temperature,

[18] the surface resistance can be expressed using the following approximated formula (for T
<T./2):

Rs1ﬂ

R, 7()

(1.1.28)

(NI

BCS resistance

In the framework of the BCS theory extension to finite frequencies, Mattis and Bardeen [19]
found, for hw<2A, two integral relations for the complex conductivity of a superconductor.

Zl = ﬁw/ E)+ f(E + w)]gt (E)dE (1.1.29)
2_ % :h 2B+ )l (B)dE (1.1.30)
where  f(FE) = 1

1+exp(7kgT)
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and

E? + A% + hwE
gt = toT (1.1.31)

VE (B2 = A) (B + hw)? - A?

These integrals (o1/0, and o9/0,) are easily calculated numerically [20]. In particular,
they can be approximated in the normal skin effect regime (for hw< 2A) by two analytical
expressions:

2A
o | R | G, A 1.1.32
2 1+e<@%>2]e wl (1132
o9 TA A
e _ = h I.1.
on w tan (2/€BT) (1153

One can then arrive to the following formula (valid for T< T./2),

3 A
2 kpT A

Mo V2 oL _ A son win— (1.1.34)
On

R, hw
Rpcs = ﬁ(a)

where A is a material dependent constant. The BCS surface resistance expression is similar
to that given by equation I[.1.25.

Although Equation 1.1.34 is approximated and limited to the dirty superconductors, it
clearly shows how low BCS values can be obtained reducing p, and increasing T.. The BCS
theory predicts then that a good candidate for RF applications must be a high Tematerial but
also a good metal in the normal state (lowp,,).

Residual losses

In practice, the surface resistance never vanishes as shown in figure [.1.4: it is due to the
presence of a temperature independent residual term of several nQ2 [21]:

R, = RBC’S(T) + Rres (1'1'35)

Many reports exist in the literature about the possible origin of the residual resistance:
both physical phenomena and accidental mechanisms (such as particulates, chemical residues
or surface defects on the cavity walls) contribute to parasitic losses. Due to the variety of the
phenomena involved, it is impossible to give one formula predicting them. Nevertheless, from
the literature analysis, we can deduce some interesting information: R,.s is at least proportional
to the square root of p,. Therefore, among two different materials with different p, and Te
values, having the same Rpcg, the one with the lower p, should have the smallest residual
resistance.
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Figure 1.1.4: Surface resistance.

[.1.2.2 Superheating magnetic field

In the presence of an external magnetic field, the superconductor/normal-conductor transition
is of first order at T, (H), and is combined with a latent heat due to the entropy discon-
tinuity. The first order phase transition takes place at nucleation centers. Because of the
entropy discontinuity and required nucleation centers, there is a possibility for a superheated
superconducting state to persist metastably at H > H..

In a type I superconductor, the positive surface energy suggests that, in DC fields, the
Meissner state could persist beyond the thermodynamic critical field, up to the superheating
field Hgp. At this field (figure 1.1.5) the surface energy per unit area vanishes:

1

Ho 752 2
Ofp2¢ —HAAN=0, Hy = ————H,
g Hel = HapA =0, Hop VEGL

(1.1.36)

For type II superconductors, it is also possible for the Meissner state to persist metastably
above the lower critical field He1.

The dependence of the superheating critical field on the GL parameter s has been calculated

by solving the GL equations [22] to show that:

0.89
VEKGL

Hgy, ~ H. rxl1 (1.1.37)

Hg, ~12H, r~1 (1.1.38)
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Hy, ~0.75H, K> 1 (1.1.39)

Because it is theoretically possible to maintain a metastable Meissner state up to Hgy, it
was expected that the critical RF field was equal to Hgy, [21] as suggested by some experiments
conducted in the pulsed regime [23].

H.'.s'h
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Figure 1.1.5: Superheating field

I.1.3 Characteristics of superconducting radiofrequency cavities

Accelerator facilities such as the continuous Electron Beam Accelerator facility (CEBAF) at
Jefferson Lab or the Large Hadron Collider (LHC) at CERN, use superconducting resonating
cavities that operate in the RF regime. These SRF cavities are preferred over normal conducting
cavities because they are capable of higher accelerating gradients and duty cycles with lower
RF losses.

SRF cavities are immersed in a superfluid He bath to maintain their temperature well below
the material’s T.. A representative cross-section of an SRF cavity is shown in figure [.1.6.

An alternating electric field is present along the direction of propagation for the accelerated
charged particle beam. Because the electric field in the cavity is alternating, an associated
magnetic field travels parallel to the cavity surface.
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Figure 1.1.6: Diagram of an SRF cavity

Accelerating voltage

The accelerating voltage Vg.c0f a cavity is determined by considering the motion of a charged
particle along the beam axis. For a charge ¢, by definition

1
Vace = |— X mazimum energy gain possible during transit| (1.1.40)
q
d w2
Vace = ’/ Ez(Q:07 2)6 ¢ dZ’ (1141)
0
V.
Eacc = (:,icc (1142)

I1.1.3.1 Peak surface fields

The magnetic field amplitude is proportional to the magnitude of the applied electric field. So
the maximum accelerating field for a given cavity depends on the maximum surface fields it
can sustain before vortex penetration diminishes the efficiency of the cavity: the peak surface
electric field (E,x) and the peak surface magnetic field (H,). For TM-type cavities with 5 =1,

Ey o«
= — = 1.6, 1.1.43
E(ICC 2 ( )
Hpk Oe
=30.5 . 1.1.44
Eoee MV/m ( )

I1.1.3.2 Power dissipation and quality factor Q

To support the electromagnetic fields, currents flow within a thin surface layer of the cavity
walls. A superconductor has a small resistance at RF frequencies so the wall currents dissipate
energy. The losses are characterized by the material dependent surface resistance Rg which is
defined via the power P, dissipated per unit area
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de 1 2
— =- R, |H [14
=SR] (L1.45)

where H is the local surface magnetic field.

A common figure of merit for accelerating cavities - or any resonator - is the quality factor,
Q (Q-value). The Q-value is a dimensionless measure of the efficiency of a cavity related to
the power dissipation as follows:

Q= w% (I.1.46)
d

where U is the stored energy and P, is the power dissipated in the cavity walls.

The notation Qg denotes an unloaded () which describes only the cavity and not the sur-
rounding components or the beam being accelerated. A loaded (); would account for beam
loss, inter-cavity coupling and other loss mechanisms. Qg is large when the cavity stores large
amounts of energy and the cavity walls dissipate very little power.

For all cavity modes, the time averaged energy in the electric field equals that in the
magnetic field, so the total energy in the cavity is given by

1 1
U= Mo/ |H|*dv = 60/ |E*dv (1.1.47)
270 [, 2" )y

where the integral is taken over the volume of the cavity. Equation 1.1.49 yields the dissi-
pated power

1
P;=-R /|H\2ds (1.1.48)
2 S S

where the integration is taken over the interior cavity surface. By keeping Rg in the integral
we have

wolkg fv ‘H‘de

Qo = (I.1.49)
R, [¢|H|?ds
Qo is also frequently written as Qg = R%Where G is the geometry factor
w H|*dv
_ wotto Jy |H|"dv (I.1.50)

[|H?ds

For 1.5 GHz cavities, such as for the CEBAF machine at Jefferson Lab, the geometry factor
is 290 Q.
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I.1.4 Towards a new SRF BCS R; theory

A new theoretical analysis of the effective RF surface impedance of a BCS superconductor was
developed and presented by B. Xiao et al. in 2013 [24, 25, 26]. This work extends the Mattis-
Bardeen theory from a perturbative, zero-field limit theory to a full field-dependent theory.
The result gives a rather unexpected prediction of decreasing resistance, implying increasing
Qo, for an RF field amplitude over a broadly useful range (figure 1.1.7). Remarkably, one finds
strong agreement between some of the best performing cavities and the predictions of this
theory (figure 1.1.8). Further work is underway to examine the applicability of this theory, but
the correspondence suggests that the performance benefits obtained via the thermal diffusion
of interstitials into the RF surface occur via the shortening of the electron mean free path and
the inhibition of parasitic losses, which have yet to be clarified.
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Figure I.1.7: Effective 1.3 GHz surface resistance of standard Nb material parameters at various
temperatures of interest [27].
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Figure 1.1.8: Field-dependent BCS surface resistance at 2.0 K, calculated by Xiao’s code and
recent, very low loss cavity test data from JLab at 1.5 GHz and FNAL at 1.3 GHz prepared by
different methods. For the experimental data, ~ 20% error on R, and ~ 5% error on By, are
not shown here [27].



36 CRITERIA OF CHOICE FOR SUPERCONDUCTORS FOR SRF APPLICATIONS

I.1.5 Ciriteria of choice for superconductors for SRF applications

As seen in section 1.1.2, for dirty limit superconductors and for T<T,./2 [28], the BCS surface
resistance Rpcog, can be expressed as follows:

R, 3 N
Rpos = ﬁ(ﬂ) 291 _ A JpreRET (140 (A, w, T)) (L.1.51)

TA/ oy

where A is a constant weakly dependent on the material, w is the RF frequency, p,, is the
normal state conductivity, A is the penetration depth and T, the transition temperature.

In equation 1.1.55, the dependence of Rpcs on p, and T, represents an immediate criterion
for selecting the potential candidates for SRF cavity applications.

As seen in section 1.1.2.; in practice, the surface resistance at T=0 never vanishes due
to a residual surface resistance term which is temperature independent and due to parasitic
losses. It is not fully understood yet but believed to be due to intrinsic losses due to non-ideal
surface quality, metallic inclusions within the penetration depth, oxides on the surface and
grain boundaries. Other contributors are extrinsic losses due to flux trapped during cooling.
Due to the wide variety of phenomena, it is impossible to predict these residual losses with
one formula. However, from results reported in literature, R,¢s is found empirically to be at
least proportional to the normal resistivity \/p,. Therefore, for a material with the same BCS
resistance but different T, and p,, , the lower p,, the lower R, ¢;.

The other primary requirement is a high superheating magnetic field Hgp, which is of the
order of the thermodynamic critical field H.. H, increases proportionally to T. (Equation
1.1.36): the higher transition temperature superconductors are interesting for accelerating cav-
ities because of the promise of higher operating fields. To maximize accelerating gradients, a
high H. or Hy, and small GL parameter x are necessary.

1.1.6 A concept to enhance the performance of SRF cavities

In the quest of improving the RF response of SRF cavities, an alternative concept was proposed,
a few years ago, by Alexander Gurevich [5] which would allow to take advantage of high-T.
superconductors without being penalized by their lower H.;. The idea is to coat SRF cavities
with alternating superconducting and insulating layers (SIS structures) with a thickness d
smaller than the penetration depth .

If the superconducting film is deposited with a thickness d <<\, the Meissner state can be
retained at magnetic field much higher than bulk H.; as

260
Hcl = @ ln(

1D7&))ford<< A (I1.1.52)

As shown in (figure 1.1.10), the strong increase of Hy in films allows to use RF fields higher
than the critical field H.1 of bulk Nb, but lower than those at which the flux penetration at
grain boundaries may create a problem. The BCS resistance is also strongly reduced because
of the use of superconducting layers with higher gap A (NbsSn, NbTiN ...).

Successful magnetic shielding of a Nb cavity can be achieved using superconducting films,
tailored to withstand larger magnetic field than bulk Nb, with thin insulating layers to inhibit
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Figure 1.1.9: The SIS structure shields the Nb cavity from higher magnetic fields reducing the
effective field experienced by the cavity.
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Figure 1.1.10: Enhancement of H. as a function of thickness for superconducting thin film
with a coherence length of 5 nm. The dashed line corresponds to H, M = 170 mT

vortex penetration. With such structures, Q-values at 4.2 K of two orders of magnitude above
Nb values could be achieved.

As an example, a thin Nb3Sn film of 20 nm in thickness increases H.y for NbsSn to 5.7 T.
If a 50 nm NbsSn layer is coated on a bulk Nb cavity with an insulator layer in between, and if
the Nb cavity can sustain fields up to 150 mT, this structure could sustain external magnetic
field of about 320 mT and therefore could reach accelerating gradient without precedent.



Chapter 1.2

Frontiers of bulk Nb based SRF
Technology

Based on the fundamental aspects of superconductivity, discussed in Chapter 1.1, for a material
to be useful in accelerators, the primary requirements are a high transition temperature, T,
a low p,, and a high superheating critical magnetic field Hgpwhich is of the order of the
thermodynamic critical field, He. In the early days, lead (Pb), coated on a Cu cavity, has been
very useful in early studies and heavy-ion accelerator applications. However, for the past 40
years, the material of choice for superconducting accelerators has been Nb because it has the
highest T, (9.25 K) among all pure metals and the highest lower critical field Hoy~ 180 mT
(2 K) among all superconductors. Technical considerations, such as ease of fabrication, and
the ability to achieve uniformly good material properties over a large surface area, have also
been proven favorable for niobium. High purity niobium is readily available, has a reasonably
high thermal conductivity, and is mechanically workable to form cavity shapes. As mentioned
earlier, Nb is a marginal type II superconductor, so all the critical fields are very close.

I.2.1 Approach of the intrinsic Nb limit

In the recent years, bulk Nb cavities are approaching their intrinsic limit at Hyq, = Her (180
mT), with breakdown fields close to the de-pairing limit (50 MV /m) (for a typical elliptical
cavity geometry) [29]. The limits of SRF performance obtained with bulk Nb technology is
best illustrated by by the curve of their quality factor Q (inversely proportional to the surface
resistance) versus the accelerating gradient, measured around 2 K and is represented here with
the set of standardized preparation and tests performed at Jefferson Lab as part of the ILC
R&D work [30] (figure 1.2.1 top).

[.2.2 State of the art for SRF cavity surface processing

In the past two decades, tremendous efforts have been made to exploit to the maximum the
capabilities of Nb. Recent progress in Nb cavity material surface modification that yields
dramatically lower BCS as well as residual resistance is revolutionizing the community’s expec-
tations for the ultimate Nb performance. To realize benefit from these lower losses in practical
applications implies also increasing control over other sources of dissipative loss, principally
frozen flux from ambient fields and parasitic losses from contamination-derived electronic ac-
tivity. Technological progress in the 20 years since the design of the TESLA cavity (the most

38
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Figure 1.2.1: Single cell cavity performance close to the de-pairing limit for bulk Nb (Top)
and performance of TESLA-shaped 9-cell fine-grain niobium cavities prepared with 2010 best
practices. [30] (bottom) with Eqc. = Hpi/30.5.

commonly used cavity shape) allows for use of more efficient cavity shapes. The recent JLAB
CEBAF upgrade with the C100 cavity demonstrates that shapes with 13-15% improvement in
cryo-watts/MV are now accessible.

I1.2.2.1 Surface chemistry and topography-dependent losses

The roughness of a SRF cavity surface can increase RF losses at high surface fields. Various
surface treatments are implemented to achieve beneficial smoothness. Electropolishing (EP)
rather than chemical etching (BCP) is now the standard process to obtain best-performing fin-
ished Nb cavity surfaces. Different treatments modify surface features at various lateral length
scales with different mechanisms and rates. However, only recently have analyses begun to
establish in detail how the specifics of topographical features directly affect RF performance.
It is understood that sharp surface features promote magnetic field enhancement and may
initiate local premature transition from superconducting to normal conducting state. Model-
ing simulations of microscopic field enhancements associated with characteristic BCP and EP
surface topography and local Hc transitions have reproduced the non-linear losses that are
associated with the high-field Q drop that distinguishes BCP-treated fine grain niobium from
EP-treated cavities [31]. The consistent performance of the 80 cavities used in the CEBAF
12 GeV Upgrade cryomodules demonstrated that it is the topography left by the final surface
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chemistry step that matters [32, 33, 34, 35].

1.2.2.2 120 °C bake and HF-rinse

The final step in the internationally recognized standard baseline cavity treatment protocol for
producing high performance cavities (i.e. European XFEL, ILC-GDE R&D, CEBAF 12 GeV
upgrade) is a 120 °C UHV bake for 24 to 48 hours. The 120 °C bake reduces the mean fee path
of the electron to a desirable low value and also somewhat increases the energy gap, thereby
reducing the BCS resistance by up to a factor of 2 (to ~8 n{2 at operating gradient, 2 K) [36, 63].
However, the 120 °C bake is also usually associated with an increase in residual resistance of
a couple of nQ2, making the overall improvement in ¢ less dramatic. This increase in residual
resistance can be reversed reliably by an HF rinse, while maintaining the lower BCS brought
by the 120 °C bake. The HF rinse removes the 2 to 4 nm thick oxide layer from the surface
(which subsequently regrows), which appears to include the source of the increased residual
resistance after the 120 °C bake. This beneficial procedure has been demonstrated on a variety
of cavities yielding very low values of residual resistance of ~1 n{2 and thus very high quality
factors 38, 39].

I1.2.2.3 Multipacting
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Figure 1.2.2: Two-surface multipactor in the TESLA-shape cavity

In SRF cavities, stray electrons can hit the cavity surface, creating secondary electrons.
The secondary electrons, which in turn, can be accelerated by RF fields, absorb the RF energy
and hit the wall surface creating more secondary electrons. When these secondary electrons
happen to hit the same area, the absorbed RF energy heats the surface, thus creating a local
hot spot. This not only limits the accelerating gradient, but also creates more RF surface
loss, even leading to a possible thermal quench. By adjusting the resonant cavity shape,
the multipacting occurrence can be reduced but it can’t be totally eliminated. For example,
circumstances known to support a multipacting barrier exist in the equator region for the
TESLA cavity shape [40]. The electron impact energy is typically low, on the order of 100 eV
or less. For the ideal TESLA cavity shape, the center of the barrier is at Ez..=21 MV /m. The
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boundaries of the multipacting barrier are determined by the secondary electron yield of the
surface [41]. Small deviations of the cavity shape from the ideal elliptical geometry (such as
the presence of weld underbead) can have dramatic effect on the multipacting occurrence [42].

Practically, multipacting is very sensitive to the surface condition because the secondary
electron yield is a sensitive surface property. The local heating of the niobium surface due to
electron bombardment can cause the cavity to quench. Although self-recovery after a multi-
pacting induced quench is typical, additional magnetic flux, generated by the thermal current
or previously expelled ambient flux, may become trapped in the cavity wall for each occurence
[43]. Such additional frozen-in flux leads to an increased residual surface resistance and lower

Qo.

The residual presence of organics on the sensitive surface can dramatically enhance the
multipacting occurrence and strength, especially if the design operation gradient is very close
to the multipacting barrier.

1.2.2.4 Field emission

Field emission in SRF cavities is another phenomenon with detrimental effects including added
heat load to cryogenics and limitation to achievable gradients [44, 45].

Electrons are emitted at highly localized emitter sites, typically where the surface electric
field is the highest [46]. When the surface electrical field is strong enough for that small area,
the electrons will start to tunnel out of the metal surface to form a steady current (quantum
mechanical tunneling effect). The field emission current, described by the Fowler-Nordheim
equation, increases exponentially with the surface electric field. A large fraction of field emitted
electrons end up hitting the cavity wall, losing their energy in the form of heat, which is removed
by evaporating liquid helium. The local temperature rise at the electron impinging site can
exceed T'c, causing the cavity to lose the superconducting state (quench).
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Figure 1.2.3: Trajectories of electrons emitted from a cavity wall surface

Some fraction of the field-emitted electrons may move along the cavity axis without hitting
its wall, escaping from one cavity and entering the next [47, 48, 49, 50, 51|. These elec-
trons can potentially form a so-called “dark current” detrimental to the beam quality, produce
Bremsstrahlung X-rays due to collision with the cavity wall or beam line components, produce
energetic y-rays (in the case of high energy electrons) which in turn produce neutrons through
(7,n) reaction, causing activation of beam line components.

There are a number of sources for field emitters, among them microscopic particulates.
These particulates are randomly brought to the cavity surface during the different steps of
its preparation (chemical, cleaning, and assembly processes). The significance and strength of
electron emission under the RF electric field is highly dependent on the nature of field emitters
[43].

Due to their small surface losses, SRF cavities are sensitive to parasitic losses due to field
emission. The presence of field emission can severely degrade cavity performance, adding
significant dynamic heat load at lower operating gradients.
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Significant progress towards field emission elimination has been made in the past two
decades with modern-day cavity processing, cleaning procedures [52, 53, 54, 55| and in-situ
processing techniques for completed cryomodule [56], and helium processing [59, 58]. A de-
tailed summary on the subject can be found in Ref. [21]. Although, “field emission free” vertical
testing of SRF cavities is typically demonstrated, field emission can still be encountered in final
cavity operation in cryomodules, which can be an issue especially for large-scale accelerators.

1.2.2.5 “Doped” Nb bulk cavities

Recently, a form of doping process have been applied to SRF cavities by diffusing a small
concentration Ti and N resulting in RF behavior well described by the recently proposed RF
BCS theory (see section 1.1.6).

Nb is an excellent getter for various gases such as O, N, and H. Historically, solid-state
gettering! with titanium (Ti) has been used to post-purify niobium as it has a higher affinity
than Nb for these gasses. After the titanification of the niobium surface, several microns are
chemically etched to remove the impurities gettered by surface-diffused titanium. This process
is beneficial for the increase in RRR of Nb, thus improve the thermal stability of SRF cavities.
Recently, a much smaller concentration of Ti (71 at.%) was thermally diffused in a thin layer
on the interior of SRF cavities. The () showed an increase of a factor of 2 to 4 over the baseline
chemically etched cavities (Fig. 1.2.4) and with a peak surface magnetic field (Bp) up to ~ 90
mT? [59, 58].
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Figure 1.2.4: Qo(2 K) scaled to 1.3 GHz vs B, for the ingot and reactor grade Nb 1.5 GHz SRF
cavities heat treated in the temperature range of 1250-1400 °C.

A similar decrease of the typical residual and BCS resistances, both for single and multi-cell
cavities has been reproducibly observed in different institutions by doping the Nb surface with
a low concentration of nitrogen [61, 62, 63].The treatment brings improvements of up to a

1Solid state gettering is the evaporation of a substance or gettering agent, onto a desired surface, from which
the agent may withdraw impurities.
2For reference, for a TESLA shaped 1.3 GHz cavity, at Eqce = 16 MV/m, B, = 70 mT.
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factor of 3 at 2 K and 1.8 K compared to standard treatments (figure 1.2.5) leading to quality
factors of up to ~ 9x10'° at 70 mT, 1.8 K. An increased frequency of limitation by quench at
~ 90 mT peak magnetic field was observed and was loosely associated with multipacting. Best
initial results were reproducibly seen for a heat treatment at 800 °C for a couple of hours and
then exposure = 20 mTorr of nitrogen still at 800 °C for 10 minutes, followed by a 7 micron
surface removal by EP.
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Figure 1.2.5: Comparison of performance for a single cell nitrogen treated cavity and ILC R&D
treatment at 2 K and 1.8 K.

A possible explanation for the increase of 3 of these “doped” cavities with the increasing
RF field is the effect of the broadening of the quasi-particle density of states induced by the
RF current on the surface resistance in the so-called "dirty limit" (I << &) [64]. The reduction
of the mean free path after the interstitial diffusion can be inferred from curve fits of Qo (7T)
data. The diffusion of impurities (N, Ar and Ti) on a cavity surface tends to reduce the RRR
of the Nb and change the superconducting behavior towards the “dirty limit”.

I1.2.2.6 RF losses from trapped flux

In an effort to exploit to the maximum the present performance of bulk Nb, laboratories are
paying close attention to the measurement methods and the associated hardware.

Trapped magnetic flux represents one of the known contributors to the residual resistance
Ryes of superconducting radio frequency (SRF) niobium cavities [65]. For this reason, mini-
mization of trapped flux in niobium cavities has recently been a topic of particular interest,
especially in light of its potential impact on cryogenic costs of high duty factor accelerators, i.e.,
Linac Coherent Lights Source upgrade at SLAC National Accelerator Laboratory (LCLS-II),
Energy Recovery Linacs, and a potential upgrade of the European X-ray Free Electron Laser
(XFEL). Studies at Helmholtz-Zentrum Berlin (HZB) showed that the details of the cooling
procedure affect the amount of trapped flux and thus its associated additional residual surface
resistance [66, 67].

In order to derive the maximum benefit from improvements in BCS RF losses and reduction
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of other contributions of residual resistance, one must minimize the magnetic field present at
the cavity surface during the 7', transition and also manage the cooldown conditions which
influence how much of the residual magnetic flux is expelled from the cavity and how much
remains trapped in the superconducting surface [68, 69].

Permeability of material used for testing hardware such as end-flanges with RF probes
[70, 71, 71], magnetic shielding of vertical dewars used for the RF performance test [72] and
ambient magnetic shielding for cryomodules [73, 74|, cooldown rate sensitivity [66, 68, 69, 75|
and quench induced losses.
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State of the art of Nb/Cu technology

Due to the very shallow penetration depth of RF fields (only ~40 nm for Nb), SRF properties
are inherently a surface phenomenon, involving a material thickness of less than 1 micron.
One can then foresee the merits of depositing an Nb film on the inner surface of a castable
cavity structure made of copper (Cu) or aluminum (Al). At the system design level, this
would exploit the freedom to decouple the active SRF surface from the accelerating structure
definition and its cooling, opening the possibility to dramatically change the cost framework
of SRF accelerators.

I.3.1 Advantages and disadvantages of Nb Thin Film Cavity

I.3.1.1 Thermal stability

Bulk niobium has a typical heat conductance of about 75 W/mK at 4.2 K if the purity is high,
while, for copper, the value is as high as 300 - 2000 W/mK. For a typical hot spot inside a
SC cavity, for example a 50 pm size defect, the amount of heat is about 10 mW if the RF
magnetic field at the defect area is 400 Oe. It is very easy for the copper substrate cavity
to conduct the excessive heat to the helium bath. A more accurate simulation using thermal
breakdown model for defects inside the resonant cavity |76] sufficiently illustrates the effect of
the defect’s size and the niobium purity level (represented by RRR, residual resistivity ratio).
As we have seen in the previous section, multipacting and field emission could cause problems
to resonant cavities. The large thermal conductivity of copper helps the thin film cavity to be
more resilient in those situations.

I.3.1.2 Low cost
The copper is much cheaper than niobium, about 10% of the cost of the niobium. The material

itself is not the only cost advantage: it is widely believed that the manufacturing cost associated
with copper can be substantially lower than that of niobium.

I.3.1.3 Insensitivity to earth magnetic field trapping
Residual resistance of the niobium surface is caused by many different sources. For an ide-

ally cleaned cavity, the residual resistance can be caused by trapped magnetic flux, hydrogen
dissolved in the surface layer, surface oxides and even some surface roughness.

45
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Films showed a further unexpected advantage, in that their surface resistance is almost
insensitive to the Earth’s magnetic field.

As an order of magnitude the effect is 100 nQ2/Gauss of external magnetic field for bulk Nb,
and only 1 nQ/Gauss for films. This allows for the fabrication of much simpler and cheaper
cryostats without the need of complex magnetic shielding of cavities [77, 21].

Dissolved impurities serve as scattering sites for the electrons not condensed into Cooper
pairs. These impurities lower the thermal conductivity and thereby limit the maximum tolera-
ble surface magnetic field before the thermal breakdown occurs. Interstitial dissolved impurities
in niobium, such as oxygen, carbon, nitrogen or hydrogen have a strong effect on the thermal
conductivity and decrease the critical temperature of niobium. For example, oxygen decreases
the Tc of Nb by 1 K per atomic% [78|. Such losses are exponential and the decrease of the
critical temperature with 1 K causes a drastic increase of dissipations.

1.3.1.4 Freedom from undissolved inclusions

During the pressing, rolling and melting, etc., the niobium sheet or the copper sheet will have
some kind of micro-inclusions. Typical inclusions can be elements such as steel, nickel and
some compound oxides. They do not necessarily decrease the RRR of the metal sheet, but
they show up from time to time, even with vigorous etching.

Although they can be well controlled, they do increase the cost for better raw material
and also the cost for extra processing during the cavity manufacturing. One simple example is
that the inclusions are very easily introduced to the niobium sample from machine tools [79].
Although this kind of inclusions can be etched away, the inclusions caused by precipitation
during cooling process can be deep inside the niobium material. That can happen when the
amount of some compound dissolved while the Nb is molten exceeds the solubility during
cooling. Vacuum deposition of thin film is known to produce excellent surface quality except
the possible degradation of performance due to the increased BCS surface resistance.

1.3.1.5 Non-Quadratic RF Losses

At 1.7 K, the BCS component of the surface resistance reduces exponentially and the residual
term remains dominant. Although of comparable order of magnitude between sputtered film
and bulk at zero-field, the residual resistance had a stronger increase with field in the case of
films (see figure 1.2.12), thus showing a "slope" in Q (@Q-slope). This Q-degradation caused by
the increased external RF field actually exists in both bulk niobium and in thin film cavities
but for the latter, it limits the cavity operation to low field. This anomalous RF loss is known
as the Non-Quadratic Loss (NQL), as named by Durand and Weingarten in their pioneer work
[80].

Some models predict that such Q-slope is inherent to Nb films due to the limited electron
mean free path compared to bulk Nb. This should manifest either in a reduction of H.; and
thus nucleation of so-called Abrikosov fluxons [81] in a rather low RF field, effect possibly
enhanced by demagnetization due to surface roughness (see section 1.3.1.8). Other models
suggests that the @Q-slope could manifest itself in a depression of the superconducting gap due
to a reduction of the critical superfluid velocity [82, 84|, inducing a direct increase of Rpcs.
Both phenomena are observed in Nb films. However the estimation of the relevance of one
or the other is a priori difficult. It is then of ultimate importance to study in depth the film
material properties and their influence on the films RF performance.
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1.3.1.6 Impurities

A certain number of impurities can be found in Nb thin films mainly due to the deposition
process and the affinity of Nb for O and H. These impurities can then present themselves as
scattering centers and then induce RF losses.

In the commonly used magnetron sputtering technique, a sputtering or carrier gas has to
be used. Therefore, atoms of this gas are embedded in the film. CERN conducted detailed
investigations [74] of the quantity of gas embedded in Nb/Cu films (for Ar, Kr, Xe, Ne and
mixtures) and the effect on their SRF performance. The best cavity performances were achieved
for films deposited with Kr (See figure 1.3.2 further).The quantity of Kr in these films was two
orders of magnitude lower than Ar (400 ppm versus 10 ppm).

Hydrogen is found to be a primary source of losses in bulk Nb cavities. Similarly, hydrogen
trapped in Nb films is a possible cause of ) degradation. The largest sources of hydrogen are
the outgassing from the Nb cathode and the Cu substrate during the deposition process and,
of course, the residual hydrogen in the vacuum system. The Nb film hydrogen content and its
binding state have been measured at CERN for different coating procedures [85, 86]. Despite
the efforts to eliminate the hydrogen sources [87] and the use of non-evaporable getters (NEG)
[88], hydrogen reduction was unfortunately not effective.

Though still subject to discussion, oxygen is another suspected source of RF losses [89, 90].
In their analysis of CERN’s Nb films data [91], Malev and Weisser proposed that the stimulated
desorption mainly contributes to the oxygen and carbon oxide partial pressure to 107 mbar
during the argon discharge sputtering [92]|. However, several analyses show that no concentrated
oxygen migrate to the grain boundary and the interface of the thin film and its substrate [80].

I.3.1.7 Roughness

Thin films typically replicate the substrate morphology. thus the roughness of the substrate
has a strong influence on the roughness of the film. Shadowing effects during film growth may
lead to poorly connected Nb film grains, possibly enhanced by a non-normal angle of incidence
[93]. Granularity effects have always been seen as a major source of problems in literature, due
to possible losses in weak-links [94] or easier penetration of (Josephson) fluxons [82].

I.3.1.8 Inter-grain losses

Another potential source of RF losses is inter-grain losses, a basic effect for fine-grained su-
perconductors. Counter evidence for this mechanism comes from the fact that films grown on
oxidized copper have a grain size of 100 nm, but when grown on an oxide-free surface the grain
size is of the order of micrometers. However, larger grain sizes do not seem to have any effect
in decreasing the Q-slope. Other possibilities are impurities in the film and surface roughness.
Irregularities on the substrate can result in film inhomogeneities. The intrinsic defects are be-
lieved to be conducting nanometer size junctions which decrease the critical magnetic field of
the superconducting thin film and are similar to the intra-granular weak links in the supercon-
ductor [80]. The intrinsic defects are also believed to trap the RF magnetic flux contributing
significantly to the NQL. To this day, there is no strong evidence showing the presence of O in
these intrinsic defects.
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I.3.2 State of the art for Nb/Cu coated cavities

Superconducting cavities produced by the magnetron sputtering technology have been suc-
cessfully used at CERN, and are also employed in several other present or future accelerator
facilities, such as ALPI (INFN,Legnaro, Italy) or SOLEIL (St-Aubin, Gif-sur-Yvette, France)
for acceleration. Recently a project of sputtered QWR at the China institute for Atomic En-
ergy and then, at CERN, for SOLEIL, started. There are clearly defined sets of accelerator
machine parameters where films show a clear advantage compared to bulk niobium, in partic-
ular for low frequencies or for operation at 4.2 K. Niobium films have however not yet achieved
their potential ultimate performance.

Several innovative developments in coating technology are however under study which may
reveal an important path forward. A first simple step towards improving film quality is adding
a bias to the classical magnetron configuration for having an ion bombardment during film
growth. This should produce smoother films and has been first tested at CERN with no
significant changes in RF performance. A further possibility is to create the film using Nb
ions, instead of neutrals as in sputtering, attracted to the substrate by a bias, thereby allowing
conformal deposition with a normal angle of incidence all along the cavity profile and thus
suppressing any shadowing effect during the film growth. The most promising techniques have
been selected by different institutions and are under development.

I1.3.2.1 Sputtered cavities

CERN LEP-2, LHC experience and R&D on 1.5 GHz Nb/Cu magnetron sputtered
cavities

CERN has conducted pioneering studies [1, 2, 3] in the field of SRF Nb films on Cu (Nb/Cu)
applied to cavities and successfully implemented this technology in LEP-2 and LHC accelera-
tors.

The LHC machine relies on 16 low impedance Nb/Cu single cell cavities [3]. Good Q vs.
E performance curves (figure 1.3.1) for LHC cavities [65]
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Figure 1.3.1: RF performance of LHC cavities

Although 1.5 GHz cavities achieving gradients up around 25 MV/m [4] were produced,
these cavities suffered from significant losses resulting in the significant reduction of Q at
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accelerating gradients above 15 MV /m. Some of the defects were inherent to the magnetron
sputtering technique used to produce these cavities.
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Figure 1.3.2: Best RF performance of 1.5 GHz Nb/Cu cavities sputter coated with Kr at CERN

All of these cavities exhibit an increase in Q at very low accelerating field and one cannot
help but compare this behavior to the one recently observed for doped bulk Nb cavities and
the prediction from the Xiao’s extended BCS theory as reported in chapter L.1.

HIE-ISOLDE diode sputtered cavities at CERN

The new HIE-ISOLDE accelerator at CERN requires the production of 32 superconducting
cavities (20 high- 5 and 12 low- ) in order to increase the energy of the rare isotope beam
delivered to the experiments [95, 96].
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Figure 1.3.3: RF performance of HIE-Isolde cavities from [96]

INFN Legnaro ALPI Experience with DC bias sputtered quarter-wave resonators

ALPI is a superconducting linac for heavy ions, in operation at INFN Legnaro (Italy) since 1994
[97]. Originally the sputtered medium f cavities installed in ALPI were Pb plated and only
later they were renewed by substituting the original metal coating with a Nb layer deposited
by DC bias sputtering.

Since the very beginning of the ALPI project two R&D programs were launched, one on
the sputtering of Cu bases with Nb and the other on the realization of bulk Nb cavities [98].
These programs, which proceeded in parallel, brought ALPI to the outstanding result of an
accelerating field of higher than 6 MV /m in 1993.

Given the success of the R&D, it was decided, in the second phase of ALPI, to build the
higher § section with the Nb/Cu technology. By means of new design details, along with a
careful and long setup of the delicate sputtering procedure, the first results were confirmed and
exceeded in a number of tests, showing an average accelerating field off-line E;..> 6-8 MV /m
at Pissipatea = 7 W (with Q0 >6-7x108 at the high field values). The technology has been
applied to on-line resonators.

52 quarter wave Nb/Cu resonators (figure 1.3.4 from [98]) are currently installed and the
success of the development of higher 8 cavities opened the possibility to apply the sputtering
technique to the medium [ section as well. By replacing the original Pb layer with a sputtered
Nb film the accelerating field exceeds 4 MV /m at 7 W dissipated power.
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Figure 1.3.4: High 8 Quarter Wave sputtered Resonator reaching 7 MV /m.

I.3.2.2 Vacuum arc coating
INFN Roma and Soltan Institute collaboration

INFN "Roma II" and the Soltan Institute for Nuclear Studies (Poland) formed a few years
ago a collaboration to investigate the feasibility of a vacuum arc deposition technique for
Nb/cu cavities [99, 100]. In this coating technique (see section I11.3.3.2), an electric arc is
established over the cathode’s surface by a suitable trigger (high voltage or laser pulse). The
arc is sustained by an adequate power supply, with the plasma plume containing Nb atoms at
such a high density that they are fully ionized. The technique provides a high coating rate,
and of course the coating flux can be attracted at the desired energy towards the substrate.

_Iar

Figure 1.3.5: Arc deposition systemm for the ARCO project [99].

A strong disadvantage is however the formation of macro-particles because of the explosive
nature of the process. Magnetic filtering and steering of the ion flux is then needed, in order to
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remove macro-particles from the flux and to obtain a defect-free coating, adding complexity to
the coating system [101]. Nb coatings have been performed on Cu samples and have been fully
characterized. An important difference of "energetic" coatings compared to sputtered films is
the absence of preferential orientation of the crystallites, whose growth in the case of sputtering
is instead dominated by the lattice free energy resulting in a (110) texture. The crystallites are
several microns in size, compared to a few hundred nm in the case of sputtering, and completely
free from defects and strain, which are major sources of electron scattering in sputtered films.
In addition, the depositing energy varies from 10-100 eV. The transition temperature ranged
randomly from 8.7 K to 9.26 K [102]. However, the best result on small samples could not be
reproduced on larger surfaces.

A filtered UHV arc coating system for RF cavities, using two symmetrical cylindrical arc
sources, somewhat similar in geometry to the standard DC magnetron system (figure 1.3.6-
ARCO cavity deposition system), was built and a couple cavities were coated [244].
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Figure 1.3.6: Schematic of the ARCO cavity deposition system equipped with two filtered arc
sources.

Coaxial energetic deposition at Alameda Applied Science Corporation

A similar technique, named coaxial energetic deposition (CEDTM), has also been implemented
by a company in California, Alameda applied sciences, Inc. (AASC). As part of a collaboration
with JLab, high RRR Nb films on small samples, mainly MgO, have been produced [104]. First
trials on cavities have been performed without much success. These coated cavities suffered
from significant delamination of the film from the substrate [105, 106].

1.3.2.3 HIiPIMS development for Nb/Cu cavities

HiPIMS is an array of deposition techniques which is seeing extensive development in the
industry. The characteristics of the produced films can be of great benefit in the development
of Nb film coatings for SRF application (see section 11.3.3.3). Beyond Jefferson Lab, Lawrence
Berkley National Laboratory (LBNL) and CERN are applying this technique to SRF cavities.
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LBNL

The HiPIMS process has been the object of extensive plasma studies applied to a variety of
materials at Lawrence Berkley National Lab (LBNL) in the group of Andre Anders [107, 108].

Various experiments are carried out in a general-use chamber to explore the plasma physics
and characteristics of the HiPIMS process, especially applied to Nb and other SRF materials.
The possibility of “gasless” self-sputtering [109] of Nb, i.e. a HIPIMS mode in which the
sputtered atoms satisfy the need for a process gas was explored. Thus no argon (Ar), krypton
(Kr) or any other gas is needed, eliminating the issues related to noble gas inclusion, which
is a big progress compare to sputtering. Such “gasless” self-sputtering has been demonstrated
for HIPIMS using high sputter yield materials such as copper [110]. In the case of Nb [111],
the sputter yield is not sufficient to produce enough “niobium gas”. Rather, noble process gas
is always needed to obtain HIPIMS pulses. This leaded into the exploration of the minimum
pressure needed to obtain a HIPIMS Nb discharge [112]. It was found that, due to some
“residual plasma” of the previous pulse, the pulse repetition rate is an important parameter
that allows pressure reduction while still maintaining a stable and reproducible operation.

Another recent development of the HIPIMS process consists in superimposing a Mid Fre-
quency (MF) discharge in between the HiPIMS pulses to lower the frequency pulses of the
HiPIMS pulses. Though they do not depend on MF pulse pattern, the HIPIMS pulses can be
spaced as far (or close) in time as desired as long as the MF discharge is present. Conditions
are found where the species in the plasma are largely dominated by Nb™ [113].

Sample studies are in progress for Nb films deposited on Cu and Al. The characteristics
such as crystal structure, adhesion to the substrate, T., RRR are investigated [111] in the
framework of a collaboration between LBNL, ANL and JLab.

In parallel to the exploration of HiPIMS process for the development of SRF materials,
a cavity dedicated deposition chamber was designed and built (figure 1.3.7). The system is
composed of a set of two, movable cylindrical magnetrons, sized for 1.3 GHz cavity deposition.
The two magnetrons are mounted on movable arms, as shown on top in figure 1.3.7, to uniformly
coat the inside of the cavity while slowly traveling through it. Their travel is synchronized by
computer-controlled stepper motors. The use of two magnetrons allows the option of biasing
the cavity for film optimization. The concept is to use one target as the cathode, and the other
as the anode. The polarity of the targets is alternated at a frequency typical for HIPIMS.
As a result, the cavity does not participate in the discharge process and can be biased using
another, independent power supply. Additionally, the deposition rate can be doubled by using
each of the magnetrons at its maximum power rating. This leads to a shorter process time and
a reduced incorporation of residual gas contaminants. No cavities have been produced yet.
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magnetron : A magnetron

Figure 1.3.7: LBNL dual magnetron HiPIMS deposition chamber dedicated to the coating of
1.3 GHz cavities with niobium [111].

CERN

CERN in collaboration with Sheffield Hallam University is conducting studies on HiPIMS
plasma with Nb [114]| and developing the technique for the coating of 1.5 GHz Nb/Cu cavities.

The HiPIMS coating system described in details in [115] has a vertical cylindrical magnetron
configuration (Fig. 1.3.8). It is built on the basis of the DC cylindrical magnetron coating
system for 1.5 GHz Nb/Cu cavities used in previous studies [74]. It is an all-metal UHV
system with the cavity being part of the vacuum system. The base pressure of the system is
in the 10719 - 107" mbar range. The cavity beam pipes are coated in sequential steps by DC
magnetron sputtering (dc-MS), while the cell is coated either by HIPIMS or by dc-MS. The
coatings are performed in a 1072 mbar range Kr atmosphere.
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Figure 1.3.8: HiPIMS cavity deposition system used at CERN

Some 1.5 GHz Cu cavities have been coated with both HiPIMS and dcMS. figure [.3.9
represents the quality factor curves at 4.2 K and 2.1 K for a dc-MS cavity and HiPIMS cavity,
both coated with Kr. These preliminary results show an improvement in the performance of
Nb films coated by HiPIMS compared to de-MS.

1.E+10
o odems 2.1 K @dcms 4.2K
0900 @ HIPIMS 4.2 K @ HIPIMS 2 K
Q
Q 09@
™

1.E+09 Q
g e,

1.E+08
10 12

E.._[MV/m]

Figure 1.3.9: Quality factor of two elliptical single cell cavities, produced by de-MS and HIPIMS

sputtering



Chapter 1.4

Materials beyond to Nb

As seen in Chapter 1.2, SRF cavities using Nb are reaching RF performances approaching its
theoretical limit (H ~ H. (0) ~ 200 mT) [5].

Achieving the magnetic field limitation means that no further increase in the accelerating
electrical field of bulk Nb cavities can be expected. For further improvement of cavities RF
performance, some innovation is needed and one may have to turn to other superconducting
materials. The potential benefits of using other materials than Nb would be a higher T, a
potentially higher critical field H., leading to potentially significant cryogenics cost reduction
if the cavity operation temperature is 4.2 K or higher. If the thin film route is chosen, the use
of substrates with higher thermal conductivity could also lead to substantial cost reduction
in cryomodules fabrication (for example, easily castable aluminum or copper, reduction in
microphonics).
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Figure 1.4.1: Superconductors transition temperature T, versus their year of discovery
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The realm of superconducting compounds (see figure 1.4.1) has been much less explored
in the past because of technical complexities that govern compound formation. In looking
at candidates, it is important to select a material for which the desired compound phase is
stable over a broad composition range. For further improvement of RF cavity performance
for future accelerator projects, research interest is renewed towards alternative materials to
niobium. This chapter is dedicated to the description of potential candidate materials that can
be used as an alternative to Nb.

As seen in section 1.1.5, the criteria for a superconducting material to be a good candidate
for SRF application i.e. low surface resistance are:

A large superconducting gap A, thus a high T,
A metallic behavior ie a low normal resistivity pg.
A high H, or Hyp, and a small GL parameter & .

Among the thousands of known conventional superconductors, only a limited number of
compounds have a critical temperature higher than Nb and present a potential as candidate
materials for SRF cavity applications (cf. Table 1.4.1). A comprehensive review of the different
classes of superconductors for cavity applications has been given by Palmieri [28] a few years
ago.

In equation 1.1.34, the dependence of Rpcg on p, and T, represents an immediate criterion
for selecting the potential candidates for SRF cavity applications. The nomogram represented
in figure 1.4.2 can then be constructed for different materials at 4.2 K, 500 MHz and for a
strong coupling factor of 4 [116]. Materials with different T, and p,having the same Rpcgare
represented by the dotted lines.
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Figure 1.4.2: Nomogram calculated for different materials at T=4.2 K, £=500 MHz and s—=4
[116]
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Table 1.4.1: Some superconducting parameters for materials considered for SRF applications.

. H.(0)  Ho(0) A
Material T [K] pu(uem)  H(0) [T] T el
Nb 9.2 2 0.2 0.17 04 40
NbN 16.2 70 0.23 0.02 15 200
NbTiN 17.5 35 0.03 151
Nb3Sn 18.3 20 0.52 0.04 30 135
V;3Si 17 0.43
MosRe 15 0.43 0.03 3.5 140
MgB, 39 0.1 0.03 3.5 40

I.4.1 Nb COMPOUNDS

B1 compounds have a NaCl structure where metallic atoms A form a face centered cubic (fcc)
lattice and non-metallic atoms B occupy all the octahedral interstices (figure 1.4.3).

These compounds are characterized by the fact that they always have a certain amount
of vacancies, usually distributed randomly throughout the lattice [117]. The superconducting
properties of B1 compounds are very sensitive to deviation from stoichiometric composition.

Figure 1.4.3: NaCl Structure

Among all the B1 compounds found to be superconductors, only a few nitrides and carbides
of the IV, V, VI group transition metals have T, higher than Nb, as reported in figure 1.4.4
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Figure 1.4.4: T, of B1 compounds [117].
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I.4.1.1 NbBN

NbN is one of the B1 binary compounds with the highest critical temperature. For this reason,
it has been widely tested for SRF cavity applications.

The phase diagram of the binary system Nb-N up to N/Nb=1 includes many different
phases [118, 119]. The B1-NbN superconducting phase of interest is the cubic §-phase for
which T,=17.3 K and the lattice parameter is 4.388 A. This phase is only thermodynamically
metastable at room temperature. T, is very sensitive to nitrogen stoichiometry.

Various attempts have been made to produce NbN cavities by thermal diffusion [120, 121,
122] or reactive magnetron sputtering. For NbN made by thermal diffusion of N into Nb at
1400 ° C followed by rapid quench cooling, surface resistances of 1.3 x 1076 Q and 1.3 x 10710
Q were calculated from TEgy; measurements at 7.9 GHz and respectively at 4.2 K and 1.8 K
[123].

NbN was produced by reactive magnetron sputtering [124|, even when deposited at rel-
atively low temperature (600 °C), with good superconducting properties (T.=17 K), a low
secondary emission coefficient and very stable surface properties. However, the resistivity of
NbN in the normal state was found to be anomalously high (see figure 1.4.5) and the residual
resistivity ratio (RRR) is very low (71).

In sputtered films, the d-phase is often found to be mixed with other phases. The films
are columnar, with grains weakly bounded, and separated by strong boundaries consisting of
voids, normal conducting areas of Niobium and Niobium-dissolved gas composite phases. Even
with no grain boundaries and only the d-phase present, the resistivity is not so low due to the
presence of both metallic and gaseous vacancies randomly distributed in both sublattices, in
amount of 1.3% respectively. The equiatomic composition is not Nby oN7¢ but Nbg.9s7Np.987.
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Figure 1.4.5: Tc and Resistivity pg in the normal state as a function of Nypartial pressure P(Ns)
for NbN films produced by reactive magnetron sputtering [124].

I.4.1.2 NbLTIN

The ternary nitride NbTiN presents all the advantages of NbN but shows more metallic electri-
cal conduction properties with higher titanium (Ti) percentage. Ti is a good nitrogen getter, so
the higher is the Ti composition, the lower is the number of vacancies. In contrast with NbN,
the B1-TiN phase is stable at room temperature (T.=5 K and a=4.24 A). The two nitride
phases are completely miscible [125] resulting in a superconducting ternary NbTiN cubic phase
which remains thermodynamically stable at room temperature. T, is slightly higher (17.8 K)
but as for NbN, N stoichiometry is critical to obtaining the right superconducting phase.

The commonly used techniques to produce NbTiN are reactive diffusion of NbTi sheets
by high temperature heating in nitrogen atmosphere [123, 125] and reactive sputtering [126].
Figure [.4.6 shows T, and the low-temperature normal resistivity as a function of Ti compo-



1.4.1.2 - NbTiN 61

sition for NbTiN samples produced by reactive sputtering in Ar/Ny mixture in a DC Triode
Magnetron Sputtering system at 600 °C and 200 °C [127]. The resistivity is found to be
lowered with an increasing Ti content.

Figure 1.4.6: T, and low-temperature normal state resistivity as a function of the Ti composi-
tion X for (Nby_,Ti,)N films deposited at Tgypstrate=600 ~C [126].

NbTiIN films were also deposited on copper disks by reactive magnetron sputtering and
tested at 4 GHz in a cylindrical T'Ey;; cavity at CEA Saclay [128, 129]. The best results
show RF fields levels of 35 mT, a low surface resistance (<50 n2 at 1.6 K) with a small BCS
resistance. Additionally, it was observed that the surface resistance decreases when the coating
is performed with a bias voltage from -50 V to -100 V. Some attempts were made to deposit
1.5 GHz Cu cavities but no RF measurements were performed due to film blistering on a large
area of the cavities.

NbTiN was also investigated at CERN [130, 131]| on samples and 1.5 GHz Cu cavities
coated by reactive cylindrical magnetron sputtering. The best cavity results were obtained for
a thicker film (4.3 pm) and a lower deposition temperature (265 °C). The measured surface
resistance was 330 n€) at 4.2 K, with a Q-value at zero field higher than for bulk Nb cavities.
However the maximum accelerating field was limited under 10 MV /m.
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Figure 1.4.7: Surface resistance measured at 4 GHz an 1.6 K for NbTiN/Cu films deposited by
reactive magnetron sputtering.

1.4.2 A15 compounds

On the basis of the criteria enunciated earlier, some compounds from the A15 class appear to
be promising.

A15 materials were first discovered to be superconducting when Hardy and Hulm found that
V3Si had a transition temperature of 17.1 K. In the following year, Nb3Sn was also discovered
with a T, of 18.1 K by Matthias. These compounds structure is classified as the W30 or Cr3Si
type. The stoichiometric composition is A3B: B atoms forms a bcc crystal structure while A
atoms arrange themselves in rows parallel to the three crystallographic directions [100], [010],
[001].

Transition Metal Chain

Figure 1.4.8: A15 Structure with A3B composition

The superconducting parameters of most A15 compounds are strongly influenced by the
Long-Range crystallographic Order (LRO) degree. All what can affect the LRO must be
carefully taken into account. Only a few of these compounds may have a practical interest for
RF applications: Nb3gSn, NbgAl, NbsGa, NbyGe, V3Ga, V3Si, the MosgRe system. A detailed
review of A15 compounds for RF applications has been given by Sharma [132].
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The A15 phase for the Nb-Sn intermetallics system is in the composition range of 18 to 25
at.% Sn. The superconducting parameters, T, A, Heo, depend strongly on the Sn content [133].
Close to stoichiometry (24.5at.% Sn) and as a result of perfect ordering in the stoichiometric
phase, p,, drops below 20u{2cm. Therefore, Rpcog for NbsSn has the potential to be much lower
and Q much higher than for Nb.

A systematic study on NbsSn was carried out at Wuppertal University in the late 80s
[134, 135, 136, 137]. In this framework, 1.5 GHz Nb3Sn cavities were obtained through Sn
vapor phase diffusion at high temperature (> 1200 °C). A few microns thick NbgSn films were
deposited on the inner surface of Nb cavities exposed to Sn vapor (1073 mbar) in an UHV
furnace at temperatures between 1050 and 1250 ° C (figure 1.4.9). The RF performance of
these cavities was measured and compared to bulk Nb cavity performance at 4.2 K and 2 K
(figure 1.4.9). High Q-values were retained up to a peak field Epeqr of 15 MV /m before Q-drop
occurred. The highest Ep.qr achieved was around 30 MV/m. An attempt was also done with
a 5-cell 1.5 GHz cavity which achieved Qp~10° and Euee=7 MV/m (Epear=16 MV /m)with
Q—=8x10%.
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Figure 1.4.9: Vapor diffusion setup for NbgSn formation at Wuppertal University (left) and Q
vs. Epeqr of the 1t two Nb3Sn coated 1.5 GHz single cell cavities in comparison to pure Nb at
42 K and 2 K from CEBAF [137].

In the recent years, regained interest re-emerged in different institutions such as INFN-
Legnaro (It), CERN (CH), Cornell University (NY, USA) and JLab.

The investigation of NbgSn for SRF applications resumed at INFN Legnaro, Italy in the
group of Prof. V. Palmieri. The liquid surface diffusion process commercially used for pro-
ducing NbsSn tapes has been modified to produce NbsSn films for SRF applications [138].
The so-called “hybrid liquid diffusion” process [139] produced films with good superconducting
properties and T.=16.8 K (AT.=0.16 K).

A Nb3Sn program is also on going at Cornell [140], JLab [141] using the Sn vapor diffusion
technique. A certain number of cavities have been produced (see figure 1.4.10).

Other A15 compound such as V3Si and MosRe have been investigated as well [143, 144].
But no significant results have been obtained on their RF performance both on samples and
in cavities.
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I.4.3 Magnesium Diboride

The superconductivity of MgBs has been discovered in 2001 with T.=39 K [145]. MgBs has
a hexagonal structure. The graphite-type boron (B) layers are separated by hexagonal close-
packed layers of magnesium (Mg).

Figure [.4.11: MgB, structure

The superconductivity comes from the phonon-mediated cooper pairs production similar
to low-T, superconductors except for the two-gap nature [146] with A,=2.7 meV and A,=6.7
meV (see figure 1.4.11).

The RF response has shown lower energy gap behavior. This must be compared to 1.5
meV for Nb, since the resistivity can also be made quite low (best values are < 1ufcm).
With a higher T.than Nb, a low resistivity, a larger gap, a higher critical field (see Table
reftab:Materials-SRFcandidate), there is room for better performance than Nb.

Different MgBy deposition techniques have been developed, among. Some RF performance
has been measured. The best results have been obtained with Hybrid Physical Chemical Vapor
Deposition (HPCVD) [147] which combines physical and chemical vapor deposition. Films have
been deposited on various metal substrates like stainless steel, Nb, TiN and maintained good
properties.

RF measurements on such films performed at 7.5 GHz in a TE-011 Nb cavity and repre-
sented in figure 1.4.12 were also performed [148].

One of the challenges with using MgBo for SRF application is the degradation of the film
properties with exposure to moisture (resistance goes up and T, goes down). One way to
overcome such degradation during cavity surface cleaning may be to use a cap layer to protect
the MgBs film.



OXIPNICTIDES

66
1E+5
1E+4 7
= i
1E+3
1] n a
& - REIEE
g - ¢ @ ¢ A
= " & : N i
S 1E+2 L
= + MgB,-200-1
= i L A MgB,-200-1T
1E+1 — +«
. MgB,-350
.! = Large grain Nb
1E+0 . .
0 10 20 30 40

Sample Temperature [K]

Figure 1.4.12: Effective surface resistance versus sample temperature of MgBo films on sapphire
and of a large grain Nb sample (from [148]).

I.4.4 Oxipnictides

Figure 1.4.13: Oxipnictide structure [149]

Recently a new family of superconductors has been discovered, accounting up to a few
thousand compounds. They are structured with the oxypnictide base (ReOMPn) where M
= Fe, Co, Ni, Pn = As or P, Re = La, Nd, Sm, Pr. These superconductors are layered like
High-T, superconductors (HTS) with T, ranging from <10 K to 55 K. The superconductivity
occurs on the FeAs layer with magnetic pair-breaking Fe?t ions.

Tests in magnetic fields up to 45 T suggest the Heo of LaFeAsOgggFp.11 may be about 64
T. A different La-based material (La0.8K0.2FeAsO0.8F0.2 ) tested at 6 K predicts Heo up to
122 T.

For s-wave members of the pnictide family, one can expect a much lower R at 2 K because

ony = 5-10 meV > Anpzsn= 3 meV.

These compounds have a high p, (~ 1 mQcm ~ 10 ppargp2), a high value of A (180-250
nm) and low Hep (~ 10 mT). Rg can be much lower than Ry of Nb3Sn, but a structure based



1.4.5.1 - C. Antoine et al., CEA Saclay, France 67

on SIS multilayers is necessary.

High quality epitaxial films have been grown via MBE, although only on a small scale
(1cm?) [150]. The evaluation of such structures is ongoing in the framework of a collaboration
between the University of Wisconsin (WS, USA) and Old dominion University (VA, USA).

I[.4.5 SIS MULTILAYER APPROACH FOR SRF CAVITIES-
Ongoing experiments

As seen previously (section 1.1.6), a few years ago, a concept was proposed by Alexander
Gurevich [5] which would allow to take advantage of high-T. superconductors without being
penalized by their lower H.;. The idea is to coat SRF cavities with alternating superconducting
and insulating layers (SIS structures) with a thickness d smaller than the penetration depth
A. If the superconducting film is deposited with a thickness d <<\, the Meissner state can
be retained at magnetic field much higher than bulk H.y. The higher-T. thin layers provide
then magnetic screening of the bulk superconducting cavity without vortex penetration. The
strong increase of H.; in films allows to use RF fields higher than the critical field H, of Nb,
but lower than those at which the flux penetration at grain boundaries may create a problem.
The BCS resistance is also strongly reduced because of the use of superconducting layers with
higher gap A (NbsSn, NbTiN ...). With such structures, Q-values at 4.2 K of two orders of
magnitude above Nb values could be achieved.

As an example, a thin NbgSn film of 20 nm in thickness increases H.; for NbgSn to 5.7T. If
a 50 nm NbsSn layer is coated on a bulk Nb cavity with an insulator layer in between, and if
the Nb cavity can sustain fields up to 150 mT, this structure could sustain external magnetic
field of about 320 mT and therefore could reach accelerating gradient without precedent.

I.4.5.1 C. Antoine et al., CEA Saclay, France
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Figure 1.4.14: Third harmonic signals in a modified SQUID magnetometer for a Nb film/MgO
as a reference (red) and a NbN/MgO structure coated on the reference film from [153].
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In this work [151, 152], 25 nm layers of NbN (superconductor) and MgO (insulator) were
deposited on 250 nm thick Nb film substrates via magnetron sputtering. The DC magnetization
response of the samples was then studied using SQUID and local magnetometry. The results
of this work tend to suggest a difference in the magnetization of films due to the presence of a
multilayer coating.

1.4.5.2 R. Russo et al., various institutions, Italy

At INFN Roma and Napoli (Italy), alternating 80 nm layers of Nb and Al203 were deposited on
250 nm thick Nb film substrates via DC and RF magnetron sputtering [100]. The film response
was studied using inductive third-harmonic measurements, in which a 1 kHz magnetic field is
applied by a “pancake coil” to small and flat multilayer samples. The third-harmonic voltage
responses induced by vortex motion in the film is then detected by the same coil. These
measurements indicate a clear improvement in Hv (as defined in Section 1.4.6.1 - termed B,
on this graph) due to multilayer coatings, as shown in figure 1.4.15.
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Figure 1.4.15: Results from Russo et al., from [100].

I1.4.5.3 College William & Mary

He1 measurements were performed for MgBo films of different thicknesses and deposited via the
HPCVD method mentioned in section 1.4.4.2. The results are represented in figure 1.4.16 along
with expected theoretical curves for lower critical field enhancement for particular coherence
lengths (solid lines). Associated error for critical field measurements are on the order of ~ 100
Oe and therefore not represented [154].

The studies described above give interesting indications of the efficacy of multilayer films in
postponing the onset of flux penetration. Note, however, that these studies are conducted at
DC or at very low (kHz) frequencies, complicating any potential cavity predictions concerning
RF surface resistance.
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Figure 1.4.16: Measured Hey (4 K) as a function of MgBs thickness, from [154].
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Part 11

Thin Film Growth
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This section is dedicated to description of the Physical Vapor Deposition (PVD) processes
and techniques used in this work. We have mainly explored energetic condensation for Nb films
deposition and dc magnetron sputtering (dc-MS), some HiPIMS for NbTiN and AIN based
structures. Energetic condensation constitutes an evolution of classical PVD techniques with
many common important parameters. In order to develop, control and tailor the properties of
thin films, one needs to understand the mechanisms driving the microstructure evolution and
the influence of the technique parameters on the film properties. In chapter II.1, some of the
fundamental processes, through which the microstructure of a polycrystalline film may evolve
during deposition, will be discussed. The discussion is largely descriptive and is primarily based
on References [155, 156, 157, 164], where a more thorough treatment of the subject can be found.
In chapter 11.2, a brief description is given for the conventional deposition techniques, among
which reactive dc magnetron sputtering used in the present work for NbN and AIN deposition.
Finally, the relationship between important deposition parameters and film microstructure is
described in terms of structure zone models. In chapter I1.3, the phenomenology of Ionized PVD
(IPVD) [160, 161, 162, 163|, also called energetic condensation and the associated deposition
techniques are introduced. Finally, the approach to film growth followed in this work will be
given in chapter 11.4.



Chapter I1.1

Thin Film Growth - Fundamentals

This chapter is dedicated to the description of the basic phenomena taking place during thin
film growth in general. Chapter 11.3 will address the phenomena particular to energetic con-
densation.

In physical vapor deposition (PVD), thin films grow from the gas phase. It is a non-
equilibrium process phenomenon governed by a competition between kinetics and thermody-
namics. lonic, molecular or atomic species are produced in the gas phase and transported to the
substrate. These species then condense onto the substrate directly (thermal accommodation,
binding, surface diffusion) or either by chemical or electrochemical reaction.

During deposition of a thin film, several fundamental kinetic processes exist through which
the microstructure evolves. These processes are often classified in three different regimes
[164, 217, 167]: (i) the nucleation and island growth regime, (ii) the island impingement and
coalescence (interface formation) regime and (iii) the continuous film growth regime (thickening
or subsequent growth).

In addition, the structure may also develop or be altered during post-deposition processing,
for example due to thermal annealing, where grain growth, recrystallization, defect annihilation
etc. are possible structure-developing processes. The way the film structure evolves during
the various processes is of course very dependent on the exact processing conditions: choice
of materials, deposition rate, deposition and annealing temperatures, ion bombardment etc.
Each of these processing conditions affects the diffusivity and mobility in the evolving thin
film. Generally, the diffusivity scales with the melting temperature 7m of the material, for
which reason the homologous temperature T/T,, is a better indicator of diffusivity than the
absolute deposition or annealing temperature 7' of the deposited material. Furthermore, if the
growing film is exposed to energetic particle bombardment additional mobility is supplied to
the surface atoms (see chapter I1.3).
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Figure I1.1.1: Overview of possible grain structure evolution during deposition of polycrys-
talline thin film. Island formation and growth leads to impingement of islands to form grain
boundaries. The development of grain structure during subsequent film growth is determined
largely by surface mobility of adatoms relative to the deposition rate, and by the substrate
temperature relative to the melting temperature of the film material. From [158].

I1.1.1 Nucleation

Condensation from the vapor involves incident atoms becoming bonded adatoms which diffuse
over the film surface until they are trapped at low energy lattice sites.

Several competing processes are then at play [167]. The atoms are continuously depositing
on the surface. Depending on their energy and the position at which they hit the surface,
they can be re-evaporated from the surface, adsorbed (adatom), form a covalent or ionic bond
with a surface atom (chemisorption), form a Van der Waal’s bond with a surface atom (physi-
sorption) or migrate on the surface and interact with each other or with the substrate atoms.
This atomic odyssey involves four basic processes: shadowing, surface diffusion, bulk diffusion
and desorption.

The first three are quantified by the characteristic diffusion and sublimation activation
energies (scaling with the melting point). Shadowing arises from the line of sight impingement
of arriving toms. The dominance of one or more of these processes as a function of substrate
temperature is manifested by different structural morphologies.
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Gain growth and coarsening, growth modes

Thin films are formed on a substrate by a process of nucleation and growth.

Nucleation depends on the interaction between the adatoms and the substrate and is af-
fected by the surface mobility of the species, which depends on the substrate temperature, the
deposition rate, and the energy of the arriving atoms. The shape of the nuclei depends on the
relative interfacial free energies between the film and the substrate vz, the film and the vapor
7 fv, and the substrate and the vapor 7, [168]. The interfacial energies balance each other at
the interface so that vs,= s+ focost, where 0 is the contact angle, as seen in figure 11.1.2.

Substrate surface

Figure I1.1.2: Schematic of a nucleus and the corresponding free energies of the substrate, the
film, and the vapor

In conventional (low energy) PVD, during the early stages of thin film growth and depending
on whether or not the bonding between similar adatoms is stronger than between adatom and
substrate atoms, one of three main growth modes dominates [155]:

e 3-D or island growth mode, also known as Volmer-Weber (VW) mode: The adatoms have
a strong affinity with each other (y,v< v, +7¢s and 6>0) and build 3-D islands that
grow in all directions, including the direction normal to the surface. The growing islands
eventually coalesce and form a contiguous and later continuous film.

e 2-D or layer-by-layer growth, also known as Frank-van der Merwe (FVDM) mode: The
condensing particles have a strong affinity for the substrate atoms (4> v+ 755 and
6=0): they bond to the substrate rather than to each other.

e A mixed mode that starts with 2-D growth that switches into island mode after one or
more monolayers; this mode is also known as the Stranski-Krastanov (SK) mode: The
relation of bond strength between like atoms and dislike atoms is more subtle. The
bonding environment is changed once the surface atoms are covered and hidden by the
first one or two mono-layers such that islands start to form. The intermediate SK mode
is not completely understood, but factors such as the film-substrate, lattice mismatch,
or the strain energy accumulated in the growing film, may be the cause of such growth
[169].

For the three growth modes, similar mechanisms control depositions and agglomeration of
the incoming atoms in the initial and stationary growth phases.

The film nucleation depends first and foremost on the nature of the material deposited
(metal, insulator ...). Niobium as most metals usually grows in the island mode.



76 COALESCENCE AND EARLY STAGES OF GROWTH

Frank-van der Merwe Volmer-Weber Stranski-Krastanov

Figure 11.1.3: Three modes of thin film nucleation and growth showing 2-D layer by layer
growth mode proposed by Frank-van der Merwe, 3-D island growth by Volmer-Weber, and
Stranski-Krastanov mixed growth

I1.1.2 Coalescence and Early Stages of Growth

The growing islands eventually coalesce and form a contiguous and later continuous film. Three
common mechanisms are involved:

e Ostwald ripening: atoms leave small islands more readily than large islands. The more
convex the curvature, the higher the activity, more atoms escape.

e Sintering: reduction of surface energy

e Cluster migration: Small clusters (<100 A across) move randomly. Some are absorbed
by larger clusters (increasing radius in height).

Figure I1.1.4 represents some STM work for the growth of vanadium (V) on chromium (Cr)
[170]. The topography STM maps show V islands deposited on Cr (001) substrates at 525 K
with coverages from 0.12 to 1.65 AL (atomic layers). Layer-by-layer growth is observed.

Figure I1.1.5 represents the evolution of the lattice parameter of an Nb film on a measured
via reflection high energy electron diffraction (RHEED) versus the film thickness as it grows on
an AlsO3 (11 — 20) surface. A hexagonal (hep) Nb surface structure is observed for the first 3
atomic layers followed by a transition structure and then a strained body-centered cubic (bcc)
Nb (110) structure to relax the strain due to lattice mismatch and to stabilize the subsequent
growth of Nb(110) phase. The lattice parameter relaxes after 3 nm or so. Such initial layers
are shown to affect the superconducting properties of the films.

Once the Nb template has been formed, the film grows homo-epitaxially. Stemming from
the two possible epitaxial orientations, biaxial anisotropy is observed for thicknesses up to 100
nm while uniaxial anisotropy is observed for thicker films when one crystalline domain grows
preferentially (figure I11.1.5) [171].
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Figure I1.1.4: Island growth and coalescence for a V film on Cr (001) observed by STM [170].
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Figure I1.1.5: Nb films coated on crystalline AloO3 (1120) [171].
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I1.1.3 Subsequent Crystal Growth

Further growth depends on bulk diffusion, surface diffusion, desorption, geometry and shad-
owing (line of sight impingement). It also depends on the substrate temperature and the
deposition rate.

The commonly observed fiber structures result from limited mobility and are often oriented
towards the source, as in the case of the previously cited CERN films [4]. The resulting films
have a lower density and a significant presence of voids.

The grain size of a polycrystalline film is affected by a variety of parameters. Large crystal-
lite sizes are favored by high substrate temperature, high adatom diffusivity during deposition
and high annealing, low deposition flux and low impurity content, high film thickness, high
energy of bombarding ions/atoms [172].

I1.1.4 Recrystallization

Polycrystalline thin films can undergo recrystallization instead of, or in addition to, grain
growth. Recrystallization is distinguished from grain growth in that new grains with less
defects nucleate and grow at the expense of pre-existing more defective grains [158]. The new
grains are separated from the defected region by high-angle grain boundaries (<10-15°). The
driving force for recrystallization is the stored energy associated with different types of lattice
defects.

I1.1.5 Thin Film Formation on the Substrate

In thin film deposition , one is dealing with heterogeneous nucleation. By opposition to ho-
mogeneous nucleation (where a solid forms homogeneously from a liquid), in heterogeneous
nucleation [156], a new solid phase forms on a pre-existing particle or surface which catalyzes
the nucleation event. The nucleation is driven by nucleation centers such as defect, impurities
on the substrate surface or simply by the orientation of the underlying substrate.
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Figure I1.1.6: Heterogeneous nucleation versus homogeneous nucleation

The adatoms can diffuse above the substrate surface with a motion determined by its
binding energy to the substrate, the temperature of the substrate and the energy of the adatom
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[173].

Two common structures are found in Nb film growth for example. The first one is fiber
growth with grain competition, often in the case of an amorphous substrate. The second one is
hetero-epitaxy where the film growth is driven by the orientation of the underlying crystalline
substrate. Hetero-epitaxy is the growth of crystals of a certain material on the crystal face of
another. The thin-film will be a single crystal if the substrate happens to be a “perfect” or
clean single crystal.

I1.1.5.1 Substrate Nature

In this section we will focus on niobium since it was one of the main topics of this work.

Niobium has established hetero-epitaxial relationships for a variety of materials.

Niobium on a-Al;,O3

The Nb/a-AlyO3 system has a unique feature which is a three-dimensional relationship (3D-
registry) between metal and substrate: AloOs [1120] || Nb [110] and Al;O3 [0001] || Nb [111].
This results from the fact that sapphire, a-AloO3, has an hexagonal structural unit cell with
three-fold symmetry about the c-axis , differing from the six-fold symmetry of a pure hcp crystal
structure. Figure I1.1.7 shows the Nb hetero-epitaxial directions for Nb grown on different
planes of sapphire (a-AlsO3) as proposed by Wildes et al. [174]. The lattice mismatch (i.e.
the difference in the atom arrangement and spacing between the film and substrate materials)
with Nb varies from ~1.9% for the a-plane (1120) to 12% for the c-plane (0001). Sapphire and
Nb have similar thermal expansion coefficients which minimizes strain and stress during film
growth generally induced by difference in thermal expansion rate.

Figure I1.1.7: Hetero-epitaxial relationships between Nb and the different sapphire planes (a-
AlQOg) [from 22]

Most available studies have used have involved a-plane (1120) and c¢-plane (1000) oriented
sapphire as substrates. As seen previously in figure I1.1.5, RHEED and TEM studies [171] have
shown that Nb films grown on sapphire (1120) surfaces exhibit an hexagonal structure, more
energetically favorable, at thicknesses smaller than a critical value, varying between 5 and 15 A
depending on substrate temperature. A strained bce Nb (110) then follows and progressively
relaxes after a few Nb atomic layers.

Only a few studies have described Nb growth on R-plane oriented (1120 ) sapphire. How-
ever, this orientation provides an ideal substrate to promote epitaxy of Nb with (001) orien-
tation. The initial growth stage of niobium films on an atomically flat substrate follows the
step-flow model. Niobium adatoms move on the terraces, rearrange themselves along the sap-
phire step-edges and form patches which eventually percolate, leading to a mosaic polycristal
film. When the layer gets thicker, typically over 10 ALs, volume interactions become dominant
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with respect to step-edge interaction and force the film to be single-crystalline with a (100)
niobium bulk orientation.

Niobium on MgO

MgO has a NaCl structure with a lattice parameter of 4.217 A. The binary phase diagram
of Nb and Mg indicates that they are completely immiscible over the full range of synthesis
temperatures [175]. No ternary phase diagram exists for Nb, Mg and O. This implies that
no interphase and no intermixing of Nb, Mg and O across the interface occur and thus the
interfaces between Nb films and MgO substrates should be chemically abrupt at dimensions of
several atomic layers. The lattice mismatch between Nb and MgO is about 10.8% [176, 177].
The epitaxial growth of Nb films on MgO(001) substrates can exhibit one of two distinct
crystallographic registries as sketched in figure 11.1.8: Nb(110)/MgO(001) with two possible
azimuthal crystalline domains corresponding to Nb[110]|[MgO[100] and Nb[110]||MgO[010] as
well as Nb(001)/MgO(001) where Nb[100]||MgO|[100]. The determination of a particular epi-
taxial Nb registry is highly sensitive to the initial substrate conditions (i.e., miscut, domain
distribution, and roughness) as well as the growth conditions.

Table I1.1.1: Three-dimensional epitaxy relationship of Nb/MgO(100)

Tarre I. Tabulation of the lattice misfit parameters for the ols-
served orientation {0), (001)xy,// (001) ygo with [010]x6//T010 7m0,
a more favored orientation (F), (101)x1//(001) veo with [011 Jnu//
[100]me0, and a second possible orientation @, (001)xy0 with
[110]xu//[010 ]y 0.

Orientation Parallel directions % misfit
0 100%%//?00}5{20 19.4
010]x1,//[ 010 ]y er 19.4
Oy [100]xb//[010]u0 80
[100 xu//L110]mg0 56.5
F Eoil%.‘{b//EIOO}Mg() 8.0
010]xn//[010]m 0 19.4

O Nb
O @ MgO (100)

Figure II.1.8: Overlays of relaxed Nb lattices on an MgO(100) surface
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Growth domains due to two possible equivalent orthogonal orientations are possible for
(011) Nb film grown on MgO (100). Figure I1.1.9 presents atomic force microscopy (AFM)
scans of magnetron sputtered films on MgO (100) with a thickness of 50 nm and 600 nm [179].
Similar growth variations (at different angles) are observed for ECR films grown on MgO,
a-Al503 and Cu.

60 nm

Figure 11.1.9: Morphology of Nb (011) grown on MgO (100) for a thickness of 50nm (a) and
600 nm (b) [179].

Niobium on Cu

the Nb/Cu system is of great interest for SRF applications. The lattice mismatch between Nb
and Cu is about 10.4%][180].

NW Epitaxial orientation
bcc(110) Ifec(111) bce(110) IIfcc(100) bcc(100) lIfcc(110)

0000000
o0 o0
o 000
0000000
0000000

. Cu surface layer

. Nb atoms

Figure I1.1.10: Overlays of relaxed Nb lattices on Cu surfaces

The epitaxial relationships between fcc(111) (Cu) and bee(110) (Nb) [181, 182, 183, 184,
185] were predicted by theoretical models based on calculations of minimum free energy con-
ditions, including the rigid-lattice approximation, and other sophisticated methods in which
elastic interactions between the atoms are considered thus allowing for lattice and misfit strains.
In the case of a bee(110)/fec (111) interface, two epitaxial orientation relationships are usu-
ally possible; either the Nishiyama-Wasserman(NW) or the Kurdjumov-Sachs (KS) orientation
[186]. RHEED measurements reported in [180] indicates NW epitaxial relationships: Nb (110)]]
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Cu (111), Nb|0 0 1]|| Cu [110]. The value of 7 = acy/any = 0.894 of the nearest neighbor dis-
tance ratio between atoms is in the region for the NW orientation predicted by the theoretical
model given by Bauer and Van der Merwe [181]. Van der Merwe et al.[184, 185] predicted a
pseudomorphic growth strictly reproducing the underlying crystal structure in the first mono-
layer of metal on metal growth with atomic radii ratios between 0.894 (Cu/Nb)<r<0.915
(Co/W). This pseudomorphic growth is limited to the first monolayer and is followed by a
progressive transformation into the crystal structure observed in thicker films. According to
the substrate surface symmetry, three equivalent epitaxial positions of crystal grains rotated
by 60° are possible.

For Nb grown on Cu (100), the film is formed by four equivalent domains of crystal grains
having the [111] direction parallel to the Cu [011]. This orientation is similar to the KS
orientation of the fcc(l 1 1)/bee(l 1 0) system (fec[110]||bee[111]). The two domains have a
common [111] crystallographic direction but they differ in the position of the [0 0 1] direction
in the plane parallel to the substrate surface (it corresponds to a rotation by 70.5 *around the
[1 1 0] axis). The other equivalent pair of domains is rotated by 90 °according to the substrate
surface symmetry.

In the growth direction: {111}Cul| {110}Nb; < 110 >Cu||< 111 >Nb, the lattice mismatch
between Cu and Nb is about ~ 10.5%. The early stages of nucleation and growth of Nb islands
on Cu (111) under selected growth conditions were investigated in [185b]. After evaporation
at RT and annealing at 350 °C, the Nb atoms rearrange forming a hexagonal lattice during the
early stages of growth. This structure strongly differs from the expected tetragonal Nb(110)
surface found in bulk and is considerably more compact than the well-known Nb(111) surface.
Sub-atomic layer growth of Nb at RT leads to disordered Nb islands with 1 and 2 AL heights,
while annealing at 350 °Cleads to the crystallization of the islands following a hexagonal com-
pact surface lattice configuration with lattice parameter a=3.3A, precluding a pseudomorphic
growth with the substrate. Growth of higher Nb coverage above 1AL at 350 °Creveals a prefer-
ential Volmer-Weber growth mode while further annealing at 600 *Cpromotes interdiffusion of
Nb atoms into the Cu substrate and alloying of the islands. Molecular dynamics simulations
validate the growth mode seen in experiments and reveal the onset of interdiffusion and alloying
within the islands.

Table 11.1.2 shows the different relationships between Nb and sapphire [174], MgO [176]
and Cu [180] substrates.

Table I1.1.2: Hetero-epitaxial relationships between Nb and various single crystal substrates

Substrate material Substrate orientation Nb orientation
Sapphire (1120) (110)

(1120) (100)

(0001) (111), (110)
MgO (100) (100), (110)

(110) (111)

(111) (110)
Cu (100) (110)

(110) (100)

(111) (110)
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Niobium on native metallic oxides and on ceramics

The presence of an oxide on the surface, common with metallic substrates, inhibits epitaxy.
Figure I1.1.11 represents two films coated on 1.5 GHz cavities at CERN with the same param-
eters by cylindrical sputtering [4]. In figure I1.1.11a, film was grown on the native copper oxide
(CuO). Because the substrate presents an amorphous surface, Nb grows in the fiber growth with
preferred orientation along the close-packed plane (110). In figure I1I.1.11b, the Nb film was
grown on a Cu surface free of oxide (obtained by heat treatment at 300 °C prior to coating), one
can see that the Nb grains follow the Cu grains. TEM analyses revealed hetero-epitaxy. Films
grown on a fresh Cu coated surface under vacuum have the same hetero-epitaxial structure.

Figure I1.1.11: Cross section FIB imaging of CERN magnetron sputtered 1.5GHZ Nb/Cu films
coated with Ar on (a) oxidized Cu and (b) non-oxidized [74][courtesy of P. Jacob (EMPA-FEI
Company) and CERN]

I1.1.5.2 Substrate Quality, Roughness and Cleanliness

The nucleation and growth can be affected by the surface preparation, the miscut as well as
the roughness of the substrate. Surface inhomogeneities, impurities adsorbed on the surface
can generate for example stacking defaults, screw dislocations. . .

Whatever the inherent nature of the film, the roughness of the substrate will dictate the
minimum roughness of the film. The final roughness depends as well on the coating technique
and other refinements.

I1.1.5.3 Tailoring the Interface

The interface between substrate and film can be tailored to promote the desired film growth and
properties. Oxides on metallic substrate can be removed to promote hetero-epitaxy by substrate
heating or surface etching with Ar ions for example. The interface can also be amorphitized to
grow a film independently of the substrate (anodization or other modification). A seed layer
can be coated at the interface to favor the growth of a particular structure, minimize the density
of grain boundaries [179]. The substrate parameters mentioned such as crystallinity, lattice
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constant, thermal expansion coefficient, and surface condition (smoothness, purity, surface
defects) can bias the crystallinity, orientation, purity and roughness of the resulting film, but
they are considered to) be second order parameters in film growth, because they are not subject
to active control during deposition.

Ion “massaging” processes are commonly used to alter the nucleation and growth of thin
films allowing modifying, controlling the composition, properties of the deposited film and
improving surface coverage, adhesion and coating density. Among these processes, ion stitching
is ion bombardment at energies sufficient to penetrate the interface between a thin coating
and the substrate. It is used to enhance adhesion of the material deposited to the substrate
by breaking the remaking of inter-atomic bonds (for metallic films on ceramic substrate for
example). Another technique is Ton beam mizing where coating atoms are transported into the
substrate by ballistic processes and by radiation to a depth related to the ion energy.



Chapter 11.2

Common PVD Deposition Techniques

This chapter introduces the commonly used techniques for metallic and compound film deposi-
tion. There is a wide variety of processes used to deposit a thin film: physical vapor deposition
(PVD), chemical vapor deposition (CVD), electro-deposition and plasma spraying. The stan-
dard method for the deposition of high-quality superconducting films onto substrates is PVD.
The most common techniques of PVD produce thin films by evaporation or sputtering.

Emphasis is given to reactive magnetron sputtering which is used in this work to deposit
NbTiN, AIN and SIS structures based on these materials. Structure zone diagrams (SZD)
will be introduced as useful tools to predict the resulting structures of a film according to its
deposition parameters.

I1.2.1 Brief introduction to Plasma Physics for Film Deposition

Plasmas have two important characteristics making them ideal for thin film processes. First,
they are sources of chemically active species, radicals and ions that result from the collision of
neutral background gases with electrons sufficiently energetic to break their chemical bonds.
Substrate surface reactions can thus take place at much lower temperatures than in thermal
processes. Second, low-pressure plasmas offer the added advantage of a non-collisional sheath,
ensuring that the energy of the ions striking the surface can be accurately controlled within a
broad range. Energetic ions play a synergetic role in deposition and etching processes and a
determining role in sputtering processes (see below).

I1.2.1.1 General description

Irving Langmuir introduced the term plasma in 1928 [187] when he investigated oscillations
in an ionized gas. He was describing a region containing a balanced number of charges of
ions and electrons. Today, a plasma is defined as a gas containing charged and neutral species
|188, 189, 190] showing collective behavior. It is often referred to as the “Fourth State of Matter”
because of its unique physical properties, distinct from solids, liquids and gases. Examples of
plasmas include the sun (and other stars) and the aurora borealis (northern light), making up
about 99% of our visible universe [191].

A plasma consists of electrons, positive ions, negative ions, atoms, radicals, molecules and
sometimes, in the case of dusty plasmas, atomic clusters with a negative charge. On average
plasmas are electrically neutral, since any charge imbalance would create electric fields that
would tend to move the charges to eliminate the imbalance. As a result, the combined density of
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electrons and negative ions will be equal to that of positively charged ions in any given volume
of plasma. This property of plasmas is called quasi-neutrality. A plasma can be created by
heating up a gas. At a sufficiently high temperature, the gas molecules will decompose to
form freely moving gas atoms. With increasing temperature, these gas atoms will release
some of their electrons resulting in free, randomly moving electrons and ions. A plasma is
then generated if enough gas atoms are ionized making the collective motion controlled by
electromagnetic forces. Even in a weakly ionized plasma (ie only a small fraction of the atoms
are ionized) the dynamics of the system is governed by effects caused by a small number of
strongly interacting ions and electrons compared to the large number of weakly interacting
neutrals.

Plasma science includes a variety of science disciplines ranging from plasma physics to
aspects of chemistry, atomic and molecular physics, and material science. Its broad nature
also characterizes its plasma physics component, which includes ionized gases that range from
weakly ionized to highly ionized, from collisional to collisionless, and from cold to hot. These
terms characterize various plasmas ranging from relatively high-pressure gases with a small
fraction of the atoms ionized and relatively low charged-particle temperatures (light sources) to
very low-density gases with a large fraction of the gas atoms ionized and very high-temperature
(fusion plasmas).

Plasmas are used in a number of ways in the field of thin film production and surface
modification.

11.2.1.2 TImportant parameters

Plasmas can be described by several important parameters including [155, 190, 192, 193]
e The plasma density n., which is the concentration of charged species of the same sign.
e The plasma temperature T, which is the electron temperature measured in eV.

e The degree of ionization, which is the fraction of the original neutral species (atoms and
molecules) that have been ionized. Plasmas with a degree of ionization much less than unity
are referred to as weakly ionized plasmas.

e Other plasma parameters, such as the collision frequency, the Debye length and plasma
frequency, will be discussed later in the next chapter (11.3.3).

Ionization requires a constant source of energy. The loss of both ions and electrons due to
recombination and diffusion and/or convection to the walls must be balanced by the rate of
ionization. All technological plasmas are initiated and sustained by electric fields, produced by
either direct-current (DC) or alternating-current (AC) power supplies. Typical AC frequencies
of excitation are 100 kHz in the low frequency range, 13.56 MHz and its harmonics in the RF
range and most commonly 2.45 GHz in the microwave region.

Let’s now consider the different plasma regimes. The common way of generating a plasma
for thin film deposition is to use two metal electrodes: a cathode, connected to the power
source, and an anode (usually the grounded chamber walls) enclosed in an evacuated vacuum
chamber. A working gas, such as argon (Ar) is introduced into the chamber. The gas serves
as the medium where the electrical discharge is initiated and sustained. The pressure used is
around 1 mTorr - 1 Torr (0.13 - 133 Pa). By applying a few hundred volts to the cathode there
will be a visible glow between the cathode and the anode, and a plasma is being maintained
from this glow discharge [To describe the creation mechanism of a plasma from a gas, the
analogy to a dielectric breakdown in an insulating solid can be made, where the dielectrics
will start conducting current at a critical voltage. In the case of the gas, it starts with a free
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Figure I1.2.1: Different plasma discharge regimes. (After Roth [196]).

electron, caused by e.g. background radiation or thermal energy, being accelerated towards
the anode by an electric field, created by the voltage difference applied between the electrodes.
The accelerated electron will gain energy and eventually collide with neutral gas atoms and
ionize them. For Ar gas, the following reaction will take place:

e~ + Ar —» 2e + Art.

The resulting two electrons can now bombard two other neutrals, while the Ar ion will
be accelerated and collide with the cathode releasing, among other particles, electrons (often
called secondary electrons). This regime is called the Townsend discharge [155], and very little
current is flowing due to the small amount of charge carriers (see Fig. 11.2.1). The cascade of
ionizing collisions will ultimately result in a large current causing the gas to break down, and
eventually the discharge becomes self-sustained, meaning that enough secondary electrons are
generated to produce the required amount of ions to regenerate the same number of electrons.
The gas begins to glow and there is a sharp voltage drop. This is the normal glow regime
[155]. With increasing power the current density will eventually be evenly distributed over the
entire cathode surface. If the power is further increased, the abnormal discharge regime will be
reached. Here, the ion bombardment already covers the whole cathode surface and increasing
power result in both an increase in voltage as well as in current density. The resulting charge
carrier density (plasma density) is found in the range from 10'% to 10'® m=3. Here is where
plasma processing, such as sputtering and etching, takes place [194]. Increasing the current
density even further results in thermionic emission of electrons at the cathode. The voltage
drops sharply while the current density is very high. This is an arc discharge and is the regime
used for cathodic arc deposition (see next chapter) [195].

I1.2.2 Sputtering

Sputtering is a process in which atoms are ejected from a solid material (sputtering target)
by bombarding the target surface with energetic particles, often ions of an ionized inert gas
(sputtering gas) [155].
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Sputter deposition is a vacuum coating process. A schematic drawing of a typical sputtering
setup is presented in Figure I11.2.2. The sputtering target, usually solid, serves as the cathode
by applying a negative voltage to it while the walls of the chamber serve as the anode. The
chamber is evacuated using a vacuum pumping system after which an inert gas such as Ar is
introduced to the chamber and the plasma is generated by an electrical discharge of the gas.
The distance between cathode and target d and the gas pressure p determine the break-through
voltage Ug.

The break-through voltage Uy determines the point from which on the self-sustaining gas
glow discharge starts.

The ions from the plasma bombard the target surface and sputter out atoms via momentum
transfer [155]. The rate of sputtering is proportional to the current density of inert gas ions
bombarding the target surface [197]. The sputtered atoms traverse through the plasma and
reach the substrate where they may condense and form films as seen in chapter 1I1.1. The
energy of the sputtered atoms have an energy range of a few eV up to tens of eV, described
by the so-called Thomson energy distribution. The number of sputtered atoms per incident
ion, known as the sputtering yield, depends on the target material, surface binding energy of
the target atoms, the incident ions kinetic energy, the bombarding particle mass and angle of
incidence [198].

The emission of secondary electron from the target is important to sustain the discharge as
described in section 11.2.1.2 (Glow discharge). The number of emitted electrons per incident ion
(known as secondary electron yield or secondary electron emission coefficient) also determines
the discharge voltage [199].

Compared to thermal methods such as evaporation, sputtering has many advantages:

e A greater number of materials such as alloys and compounds can be sputtered.

e A higher packing density of the film can be achieved.

e A better adhesion between film and substrate can be achieved, if the film stress is low.
e Control of film composition and grain structure is more easily accomplished by sputtering.
e Better step coverage, because the material beam is non-directional.

On the other hand, sputtering involves many process parameters. Also, some materials
have a very low sputtering rate. To obtain a film with desired properties a large number of
variables must be investigated and controlled. This is particularly critical for very thin films
(< 20 nm).

I1.2.3 Magnetron Sputtering

To enhance the sputtering yield at the cathode, a magnetic field configured parallel to the
target surface can constrain the motion of secondary electrons ejected by the bombarding ions
to a close vicinity of the target surface. An array of permanent magnets, creating a magnetic
field of the order of a few 100 G, is placed behind the sputtering source. The magnets are
placed in such a way that one pole is positioned at the central axis of the target, and the
second pole is placed in a ring around the outer edge of the target. This kind of sputtering
is called magnetron sputtering and a schematic representation is given in figure 1.2.2. In
this configuration, the electrons generate a much higher ionization probability and the plasma
ignition then takes place at lower gas pressures compared to conventional sputtering. Another
advantage of magnetron sputtering is the higher density of ionized argon atoms which result in
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Figure 11.2.2: The principle of a magnetron. From M. Ohring [155]

a higher deposition rate at lower pressures. Also less secondary electrons reach the substrate
and therefore the substrate is less heated compared to conventional sputtering.

This configuration creates crossed E and B fields, where electrons drift perpendicular to
both E and B according to vy = E/B. If the magnets are arranged in such a way that they
create closed drift region, electrons are trapped, and relies on collisions to escape. By trapping
the electrons in this way, the probability for ionization is increased by orders of magnitudes.
Ions are also subjected to the same force, but due to their larger mass, their trajectory radius
(Larmor radius, see I1.3) often exceeds the dimensions of the plasma. Although in general,
one can say that the ions are not directly confined, they are so indirectly by trapping the
electrons, to keep the quasi-neutrality of the plasma. The trapping of electrons and ions creates
a dense plasma, which in turn leads to an increased ion bombardment of the target, giving
higher sputtering rates and, therefore, higher deposition rates at the substrate. The electron
confinement also allows for a magnetron to be operated at much lower voltages compared to
basic sputtering (T 500 V instead of 2-3 kV) and be used at lower pressures (typically in the
mTorr region). This is an advantage since less material is lost to the chamber wall and back to
the target through scattering in the discharge gas. The shape of the magnetic field efficiently
erodes the target where the magnetic field lines are parallel to the target surface; a so-called
race-track is created.

The magnetic field configuration of magnetrons can be divided in two different categories:
intermediate (balanced), and unbalanced (type I and II) [200].

Balanced magnetron

The inner and outer magnets have the same strength which confines the electrons close to
the target surface. This means that the plasma does not reach to the substrate and results in
low ion bombardment of the substrate (ion current density < 1 mAcm~2) during film growth,
thereby leading to low mobility of the depositing atoms on the substrate.

Unbalanced magnetron

If the inner magnet has a stronger pole than the outer magnet, the magnetic field config-
uration is unbalanced (type I unbalanced magnetron). In the type II configuration, the inner
pole is weaker than the outer pole; the magnetic field lines open up and extend towards the
substrate. The electrons follow the field lines and, therefore, the plasma, is also extended to the
substrate. Ion bombardment (ion current density = 2 - 10 mAcm~2) during growth can ben-
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eficially influence the film properties, such as increase coatings density and improve adhesion
to the substrate.

The differences in design between the different categories are only slight. However, the
difference in performance regarding film growth between the different types can be significant.
During film growth it is often desired to have an effective ion bombardment of the film. This
can be achieved by applying a bias onto the substrate. In most cases it is preferred to have a
high ion current containing low energy ions, rather than high energy, since this can generate
stress and defects in the film [201]. It is therefore desired to design the magnetic field in such
a way that it allows for some of the plasma to escape from the close vicinity of the cathode,
and reach the substrate. This is the reason for the different magnetron designs. A schematic
of the different designs are illustrated in figure 11.2.3.

11.2.3.1 Magnetron sputtering mode of operations

There are variants or modes of operation of magnetron sputtering depending on how the power
is applied. Among these, one of the techniques used in this thesis is direct current magnetron.
Direct current magnetron sputtering (dc-MS) is successfully used to grow conducting thin
films at high deposition rates whereas it can also be scaled for making large scale deposition
of thin films. This makes dc-MS an industrially attractive deposition technique. In dc-MS,
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a constant power is applied to the target which is limited by the thermal load on the target.
This power limitation (maximum power densities of a few tens of Wem™2) does not allow to
generate high plasma densities and the resulting ion fraction of the sputtered material is quite
low (only a few percent for metals) [202]. The majority of the flux thus consists of neutral
depositing species with energy of few eV. Overall, this results in the energy of the sputtered
species limiting the energy input into the substrate. It is possible to improve the film quality
by applying a negative potential to the substrate, increasing the substrate temperature and
using an unbalanced magnetron (type II). This will provide

Magnetron sputtering deposition parameters affecting the film evolution

The resulting film properties are typically highly dependent on the preparation parameters due
to the non-equilibrium nature of the sputter-deposition process. The main process parameters
are: substrate temperature, substrate bias voltage, sputter gas pressure, deposition rate and
background pressure.

As seen in the previous chapter, the substrate temperature is a critical parameter in con-
trolling the relative importance of the various processes, since the substrate temperature affects
diffusion and thereby the atomic mobility [158|. For example, if the grain boundary mobility is
low, the initial grain sizes are small and tend only to change through coarsening at the surface
of the growing film. In addition, the strain energy may easily increase due to the incorpora-
tion of defects in the crystal lattice, since the atomic mobility is insufficient for diffusion to
low-energy sites.

The substrate bias voltage is as well important in controlling the effective adatom mobility
[155]. If substrate bias voltage is applied, more energetic ions bombard the growing film and
transfer energy to the film surface, thus increasing the adatom mobility. However, if the ion
energy is sufficiently high, ions may be implanted or induce defects in the crystal lattice.

As a consequence, compressive stresses may arise in the film due to atomic peening effects
[203]. The sputter gas pressure also affects the energy (and direction) of the arriving adatoms
due to collisions between the sputtered atoms and the gas atoms [155]. In magnetron sputtering,
the effects of increased bias voltage are approximately equivalent to a lower sputtering gas
pressure.

The rate at which clusters nucleate and the characteristic adatom diffusion time are both
affected by the deposition rate [158]. For instance, if the deposition rate is relatively high, the
time during which the adatoms are free to diffuse to low-energy sites before being buried by
newly arriving adatoms is short resulting possibly in a very porous film. On the other hand, if
the deposition rate is low, the impurity content (depending on the background pressure) may
increase due to a larger relative flux of background gas particles.

I1.2.4 Reactive Sputtering

Reactive sputtering is a method to deposit compound films of the target material by adding
a reactive gas to the conventional magnetron sputtering process to form, depending on the
reactive gas, oxides, nitrides, carbides and other compounds.

The reactions can take place at the target, in the gas phase and on the substrate. Target
reactions result in actually sputtering a compound target. These usually have a lower sputter
yield (which is the number of sputtered particles of the target per primary ion) than elements
and result in a reduction in deposition rate [203].
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occurring in a reactive sputtering process (from [205]).

Attempts to sputter from targets of stoichiometric superconducting compounds produce
degraded superconducting properties of thin film. This is due to the presence of oxides within
the grain boundaries inside the target material [204].

Reactive sputtering is the favorable method for the deposition of thin NbN and NbTiN layers
for different scientific and industrial applications (phonon-cooled HEBs, Terra Herz (THz)
mixers, hard coatings for tooling). One basic problem of the reactive sputtering process is
to determine the essential process parameters to control the superconducting film growth and
quality.

The most important process parameter in the preparation of thin films by reactive sput-
tering is controlling the partial pressure of the reactive gas.

The partial pressure of the reactive gas is a function of the reactive gas flow rate in a
glow discharge process. A hysteresis loop occurs, which is unwanted for the deposition of a
superconducting film with a desired crystal structure and the required stoichiometry [205]. The
sputtering of the target surface and the deposition of the reactive product on the target surface
determine the hysteresis loop. An idealized reactive sputtering hysteresis loop for the partial
pressure p and the flow rate ¢, of the reactive gas is shown in figure 11.2.4.

The graph clearly shows the dynamics taking place in a reactive sputtering process. For a
low flow rate of the reactive gas, its partial pressure remains zero. This is caused by pumping
the reactive gas with the vacuum pump and the reaction of reactive gas on surfaces within the
deposition chamber. This phenomenon is called gettering. This part of the sputtering process
is called the metallic mode, because only the metallic target material is sputtered.

The metallic mode is characterized by a high deposition rate and metal sputtering occurs.
The deposited film is a metal film doped with atoms form the reactive gas - in the case of
nitrides the film is called "under-nitrogenized”. The discharge voltage and current barely differ
from the values for sputtering in a pure working gas atmosphere [206].

Beyond point A, indicated in figure 11.2.4, the gettering process is saturated and the limited
pumping capacity leads to an increase of the partial pressure of the reactive gas and a decrease
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in deposition rate. The target and the deposition chamber walls are coated with a layer of
the reactive compound. Because of the presence of the compound layer on the target surface,
the target is called “poisoned”. When the target becomes poisoned, the sputtering rate drops
rapidly because the compound will have a lower sputtering yield than the purely metallic
surface [207]. When the target is poisoned, several instabilities can occur like arcing, because
an increasein secondary electron emission from the compound surface takes place, especially
when sputtering nitrides [208]. Due to the lower sputtering rate, less reactive gas is consumed,
and its partial pressure jumps to a much higher level, which differs from the partial pressure
without discharge.

Increasing the flow rate ¢, further causes a higher partial pressure, but the difference in
pressure with and without discharge will remain constant. This pressure difference corresponds
to the amount of reactive gas included into the deposited filmn, which is now a stoichiometric
compound. Therefore this mode is called reactive or compound mode. In the reactive mode, the
sputtering rate is very low because of the lower sputter yield of the compound and the higher
secondary electron emission of the compounds [206]. By decreasing the flow rate below point
B the system remains in the reactive mode and returns into the metallic mode for flow rates
below a certain value (point C).

The optimal value of the reactive gas flow rate ¢, is located within a narrow range around
point A/B. Then it is possible to deposit a compound film with good stoichiometry at a
comparable rate to that of the metallic film [209].

I1.2.5 Structure Zone Diagrams (SZM)

As mentioned previously, a variety of possible deposition conditions can be chosen, which result
in films with different microstructures.

In order to provide an illustration of the relationship between the microstructure of vacuum-
deposited coatings and the most prominent deposition parameters, growth models, called struc-
ture zone models (SZM), have been developed. The basis of the structure zone models is to
represent the growth process as proceeding in three general steps:

e Transport of atoms to the growing surface, where shadowing [Shadowing arises from
the geometric constraint imposed by roughness of the growing film and the line-of-sight
impingement of arriving atoms| may affect the structure formation

e The adsorption and diffusion on the surface

e Bulk diffusion.

In the case of sputter deposition, the transport step is controlled by parameters such as
the apparatus geometry and the working gas pressure, while the diffusion steps are controlled
largely by the substrate temperature, but may also be significantly influenced by bombardment
of energetic species. The activation energies for surface, grain boundary, and bulk/lattice
diffusion are typically in the ratio 1:2:4 [210], implying that, at lower temperatures, surface
and grain boundary diffusion rates can be orders of magnitude larger than bulk diffusion rates.

The first structure zone model was proposed by Movchan and Demschishin in 1969 [211].
They concluded that the observed microstructures of thick evaporated metal and oxide films
could be systematically categorized into three zones , namely Zone 1, 2 and 3, according to
their homologous temperatures T/T,,where T is the substrate temperature and Tm is the
coating material melting point.
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A similar zone model was introduced by Thornton [212, 213, 214] for thick sputtered films.
Besides the homologous temperature, the effect of sputter gas pressure was also taken into
account [Actually it is the product of the gas pressure and the target-substrate distance, pd,
that is the relevant parameter [215]|, but when the distance is kept fixed the pressure can be
regarded as the key parameter. The product pd relates to the degree of “thermalization” of the
sputtered and reflected species|. The gas pressure affects the film microstructure primarily due
to the fact that the mean free path of the sputtered atoms is inversely proportional to the gas
pressure. Increasing the pressure reduces the energy of the bombarding species, which lowers
adatom mobilities. Furthermore, the gas scattering also increases the oblique component of
the deposition flux, whereby self-shadowing decreases the density at the grain boundaries. The
Thornton structure zone diagram is shown in figure I1.2.5. The inclusion of gas pressure as an
additionalparameter introduces a transition zone, zone T, between zone 1 and 2.

During deposition, the surface diffusion, the bulk diffusion, and the adsorption scale di-
rectly with the melting temperature of the deposit (metal). This can result in 4 different film
structures:

Zone 1 corresponds to low deposition temperatures (7/T;, < 0.3). The structure exhibits
amorphous or fine grained polycrystalline films, with a high dislocation density. The internal
structure of the crystals is poorly defined. The absence or insufficiency of surface diffusion to
overcome the effects of atomic shadowing (i.e. a “frozen in” structure) at low Ts yields heavily
voided columnar (or fiber) structures and results in porous and rough films.

Zone T is the transition zone between zones 1 and 2 [216] observed when the gas pressure is
decreased. The decrease of the gas pressure results in an increase in the energetic bombardment
of the films. In this zone, the morphologyis characterized by columnar grains with dense grain
boundariesand a high dislocation density. At low pressure, zone T is promoted withrespect
to zone 1, since the enhanced energy of the impinging species enhancesthe surface mobility,
causing the structure to become denser.

Zone 2 (0.3 S T/T,, 3 0.5) exhibits a dense columnar structure with smoother surfaces as
a result of surface diffusion controlled growth. The columnar grains can have highly faceted
surfaces due to surface energy anisotropy. The grain size generally increases with increasing
Ts. Dislocations are primarily located in the boundary regions. Surface or grain-boundary
diffusion seems to be dominating parameters, since the columnar grain size increases with
T /T, in accordance with activation energies for these mass-transport mechanisms.

Zone 3 (% %= 0.5) is characterized by bulk diffusion processes such as grain growth and
recrystallization. The grain shape may be equi-axed or columnar, and the grain boundaries
are dense. Generally, the boundaries between the zones are diffuse and the transition from one
zone to another occurs gradually over a relatively wide range in T/Tm.

In order to incorporate the effects of ion bombardment (e.g. bias sputtering) on the struc-
ture of thin films, Messier et al. [216] proposed a revision of the zone model (figure 11.2.6),
replacing the gas pressure by the inverse substrate bias. The application of a negative substrate-
bias potential (V's) enhances the effect of ion bombardment, which is essentially similar to what
can also be accomplished by reducing the gas pressure as mentioned previously.

Structure zone models present a semi-quantitative guideline for the expectations for the
structural evolution as a function of primary deposition variables for physically deposited films.
Although the original sputter zone model was based on metal coatings deposited by magnetron
sources, its general features have been found to be rather universal. It is, however, important
to note that such models or diagrams are developed for a specific class of materials and are
based on assumptions concerning specific processing conditions such as impurity content [217],
deposition rate etc. Hence, some variation should be expected regarding for example the
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Figure I1.2.5: Microstructure zone diagram for metals deposited by magnetron sputtering
showing the dependence of coating structure on substrate temperature and argon pressure.
From|214].

Figure I1.2.6: Structure zone model for films showing the effect of both ion bombardment
(negative substrate bias voltage Vs) and thermal-induced mobility. From [216].

homologous temperatures associated with the transitions between different structural zones.

The influence of ion bombardment on the film properties of metals can be reconciled with the
accepted models of thin-film growth. However, energetic condensing particles or bombardment
promote the zone T structure [212, 216]. Evaporated atoms usually have energies in the vicinity
of 0.1 eV, while sputtered atoms usually have energies of a few eV. Condensing atoms from
these different sources will produce films of different densities.



Chapter 11.3

Energetic Condensation

This chapter presents an overview of the processes involved in the growing set of techniques
known as IPVD (ionized physical vapor deposition) or energetic condensation. The second part
of the chapter cover a brief description of the most common IPVD techniques with emphasis
given to the techniques used in the present work.

As mentioned before, control over the deposition process is exercised by only three first-
order vapor parameters and one first-order substrate parameter. The vapor parameters are the
absolute arrival rates of film atoms, the partial pressures of background gases in the chamber
and the energy of the deposition fluxes. The substrate parameter is the substrate temperature.

Without energetic atoms, only the substrate temperature influences the processes of physi-
and chemisorption, thermal desorption, nucleation, nuclei dissociation, surface diffusion, and
formation of specific nucleation sites. Crystalline defects, grains connectivity and grain size
may be improved with a higher substrate temperature which provides higher surface mobil-
ity (the important parameter is the “homologous temperature’= Tsypstrate/ Tmeiting of fitm)-
However practical substrates for SRF cavities such as Cu or Al may not allow heating to high
temperatures.

The missing energy may be supplied by ion bombardment. Energetic condensation (imple-
mented in high power impulse magnetron sputtering-HiPIMS [218], cathodic energy deposition
- CEDTM]219], Vacuum Arc Deposition [220], electron cyclotron resonance- ECR [221]) is a
deposition process where a significant fraction of the condensing species have hyper-thermal
and low energies (10 eV and greater).

I1.3.1 Phenomenology

Energetic condensation is characterized by a number of surface and subsurface processes that
are activated or enabled by the energy of the particles arriving at the surface [160, 222| such
as desorption of adsorbed molecules, enhanced mobility of surface atoms, and the stopping of
arriving ions under the surface.

If the incident ions have enough energy, i.e. between the surface displacement energy and
bulk displacement energy, surface diffusion of atoms is promoted but no defects are created in
the bulk of the film thus promoting epitaxial growth [223].

When the incident ion energy is increased beyond the bulk displacement energy (usually
in 12-40 €V range [224]), the ions can be incorporated into the surface (sub-implantation),
the collision cascades under the surface generating defects and intrinsic stress followed by re-
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nucleation.

A maximum of intrinsic stress exists for kinetic energies of about 100 eV; the actual value
depends on the material and other factors. The existence of such maximum can be explained by
insertion of atoms under the surface yet still without significant annealing of the surrounding
film [225].

As the energy of these penetrating ions increases, a very short ballistic phase with displace-
ment cascades occur followed by a thermal spike phase (atomic scale heating) with a very high
mobility of atoms in the affected volume. The thermal spike can be considered as a transient
liquid. As soon as atoms have found their place, i.e. the liquid “freezes”, large amplitude
thermal vibrations still facilitate diffusion, especially the migration of interstitials inside grains
and adatoms on the surface. This favors the annihilation of defects and re-nucleation. When
the majority of condensing species are ions, each of the atoms in the growing film is subject to
atomic scale heating several times, namely, once when it arrives and again when neighboring
atoms arrive.

As the kinetic ion energy is increased, usually by biasing, the sputtering yield from the
deposited film is increased and the net film deposition rate is reduced (re-sputtering). Film
growth ceases as the average re-sputtering yield approaches unity (between 400 eV and 1400
eV). If the energy is further increased, the surface starts to be etched.

All energy forms brought by particles to the surface will ultimately contribute to broad,
non-local heating of the film thus shift the working point of process conditions to higher ho-
mologous temperature (T /T,,). This could replace conventional heating and so produce dense
films via enhanced surface mobility at generally low bulk temperature. At higher tempera-
ture (higher homologous temperature or temperature increase due to the process itself) the
grains are enlarged because the increase of ad-atom mobility dominates over the increased
ion-bombardment-induced defects and re-nucleation rates [226].

I1.3.2 A Structure Zone diagram updated for energetic conden-
sation

The relationship between the coating morphology, the substrate temperature, kinetic energy of
the ions and the deposition rate is summarized in the revised structure zone diagram proposed
by A. Anders [226](figure 11.3.1).

The variation from the Thornton SZD is as follows:

e The linear axis with the homologous temperature T/Tm is replaced by a generalized
temperature T*, which includes the homologous temperature plus a temperature shift
caused by the potential energy of particles arriving on the surface.

e The linear pressure axis is replaced by with a logarithmic axis for a normalized energy E*
describing displacement and heating effects caused by the kinetic energy of bombarding
particles.

e The unlabeled z-axis is replaced with a net film thickness t* which will allow us to
maintain the familiar qualitative illustration of film structure while indicating thickness
reduction by densification and sputtering; it also allows us to include “negative thickness”,
i.e. ion etching. The axes are comprised of a generalized homologous temperature, the
normalized kinetic energy flux, and the net film thickness, which can be negative due to
ion etching.
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Figure I1.3.1: Generalized Structure Zone Diagram [226].

The potential energy includes the heat of sublimation, or cohesive energy, E. as well as
the ionization energy Ei reduced by the work function of the electron needed for neutralization.
Thus Epot = E.+ (E; — ¢). Of course, the ionization term does not apply to atoms but is very
significant for multiply charged ions. E. and E; are between 1 and 9 eV / atom, and 4 and
10 €V / ion, respectively, for the case of elementary metal films and singly charged ions. ¢ is
about 4 eV for many materials.

A generalized homologous temperature may be defined as T* = T'/T},, + Tpor where Tpo =
Epot /kNmoved 1s the characteristic temperature of a heated region affecting the rearrangement
of Npoveq atoms (k is the Boltzmann constant). Tons arriving at the substrate but not remaining
with the growing film can also contribute potential energy. Upon neutralization on the surface
they leave behind the ionization energy reduced by the electron work function.

The kinetic energy of arriving positive ions is comprised of an initial component from the
plasma Eg plus a change due to acceleration in the sheath, Ey;, = Eo + QeVipearnwhere Q
is the ion charge state number, e is the elementary charge, and Vgpeqrn is the voltage drop
between plasma and substrate surface.

I1.3.3 Advantages of energetic condensation

The competing processes, mentioned in the previous section, due to the additional energy
provided in energetic condensation techniques can induce the following changes to the film
growth process (Figure I1.3.2):

e residual gases are desorbed from the substrate surface

e chemical bonds may be broken and defects created thus affecting nucleation processes
and film adhesion
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Figure 11.3.2: Regions of dominance for various ion-bombardment processes as a function of
ion/atom ratio and ion energy [227].

¢ film morphology changes
e microstructure is transformed

e stress in the film modified

As a result of these fundamental changes, energetic condensation allows added opportunities
of controlling some of the film properties. The density of the film may be modified and the
crystal orientation may be controlled to give the possibility of low-temperature epitaxy.

I1.3.4 Energetic Condensation Techniques: ECR, HiPIMS and
Cathodic Arc Deposition

In this work, we have explored the ECR and HiPIMS techniques, with the development at
set-up. Cathodic Arc Deposition (CAD) was explored in the framework of a collaboration with
Alameda Applied Sciences Corp. (AASC).

I1.3.4.1 Electron Cyclotron Resonance (ECR) Plasma Deposition

Electron Cyclotron Resonance is typically used as an ion source for efficient plasma generation,
especially to produce high intensity ion beams. It has acquired a unique importance in a
wide variety of technical field, such as proton therapy for cancer treatments, advanced semi-
conductor manufacturing, space industry with electric propulsion devices, particle accelerators
for online mass separation and reactive ion charge breeding. It is widely used for film processing,
both deposition and etching, as it allows to enhance other deposition technique lacking ion
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energy such as molecular beam epitaxy (MBE), chemical vapor deposition (CVD), magnetron
sputtering (MS).

Electron Cyclotron Resonance Principle

Electron Cyclotron Resonance is typically used as an ion source for efficient plasma generation,
especially to produce high intensity ion beams. It has acquired a unique importance in a
wide variety of technical field, such as proton therapy for cancer treatments, advanced semi-
conductor manufacturing, space industry with electric propulsion devices, particle accelerators
for online mass separation and reactive ion charge breeding. It is widely used for film processing,
both deposition and etching, as it allows to enhance other deposition technique lacking ion
energy such as molecular beam epitaxy (MBE), chemical vapor deposition (CVD), magnetron
sputtering (MS).

Motion of a Charged Particle in an Electromagnetic Wave The theoretical study of
microwave plasmas is done by solving the equation of motion for an electron in an electromag-
netic harmonic field [29, 30, 71]:

E exp (jwt), H exp (jwt) (I1.3.1)

It suggests a fluid model of electrons in motion with mean velocity V of the particle and
several hypotheses and simplifications:

e The magnetic force of equation (I1.3.2) is negligible compared to the electric force.

Fy~eEx Y (113.2)
C

e No motion of ions, which are heavy compared to the electrons.
e The collision frequency between an electron and heavy particles is given by v.

The resulting equation of motion is then

av

5= B (t) —mcV ev (11.3.3)

Me

The first term of the right hand side of the equation (I1.3.3) refers to the electric force, and
the second term to the friction force. The mean velocity is thus given by

o 1 (11.3.4)

Me V + jw

The solution results in several characteristic definitions, such as the root mean square value
of electron displacement:

eErms

I1.3.5
mew (V2 + wQ)% ( )

Trms =
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As this value is small compared to the reactor’s dimensions, collisions with the walls can
be neglected. The electron-plasma angular frequency is given as:

1
ne? 2

wpe = (- — (11.3.6)

This value depends only on the electron density. It is used to define the plasma density
and identification of the different plasma zone types by comparing it with the electromagnetic
field frequency [190].

The Debye length is given by

1
kpT, 3 T,
BLe) pe ~ T3y [ =<

Me Te

Ap = (

(em) (I1.3.7)

with the electron temperature 7T, in volts. The Debye length depends on the electron
temperature and density. It represents the length over which a significant variation of charge
density can only be observed, and is used as a characteristic dimension of the plasma and the
sheath.

For ECR plasmas, the study is very similar, with the exception of two points [188, 189]:

e The collision frequency is much lower due to the very low pressure (in the mTorr range)
consequently the MFP is much greater and the electrons reach ionization energy with
fewer or no elastic collisions.

e Ounly the magnetic field linked to the electro-magnetic wave can be neglected. The static
magnetic field created by the permanent magnets or the magnetic coils cannot be ne-
glected. It creates the cyclotronic motion of the electrons, which will be discussed in the
following section.

The Larmor radius and the Electron Cyclotron Resonance The trajectory of a
charged particle in a static magnetic field is determined by the Lorrentz force [192]:

F =q(V x B) (11.3.8)

Under a constant magnetic field and in the absence of electric force it will follow a helicoidal
trajectory with a constant radius. The Larmor radius is the characteristic of this cyclotronic
motion which is the gyration of the charged particle in the magnetic field. In ECR, it is
specifically used to describe the motion of electrons.

For an electron in a constant magnetic field, the Larmor radius is given by the formula
2meI meVe

— — 11.3.
L eB eB (T1.3.9)
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Figure 11.3.3: Electron accelerated clockwise by a periodic electric field

where meis the electron mass, T its kinetic energy, V. its velocity, -e the charge of the
electron and B the magnetic field strength. The subsequent Larmor angular frequency will
then be

wp = — (11.3.10)

When applying microwaves, the alternating electric field (see previous section) will con-
tribute to this motion. Resonance will exist when the microwave frequency is equal to the
Larmor frequency:

WMW ~ W], (11311)

This signifies that the motion of the electron in the field created by the magnets is in phase
with the electric field generated by the microwaves. In the absence of collisions, the electric
field constantly increases the electron velocity, and consequently its kinetic energy beyond the
ionization threshold required for ionization and the creation of discharges [228, 229]. The
electrons path eventually forms an open helix as illustrated in figures I1.3.3 and figure 11.3.4.
For a standard microwave power supply operating at 2.45 GHz, ECR will occur in the regions
where the magnetic field component perpendicular to the plane of oscillation of the electric
field vector is equal to 875 Gauss:

B
2 — 9r x 245 GHz = B ~ 0.08753 Tesla ~ 875 G (11.3.12)

Me

When the electrons are accelerated to a large enough energy, they will ionize nearby neutral
atoms to create a plasma. In practical applications, it is not required to have a uniform magnetic
field to create ECR plasma. Most magnetic fields actually have only a limited shell-like ECR
region. The RF power absorption mostly happens around the ECR region and keeps the
plasma stabilized. The more uniform the magnetic field, the greater is the efficiency of the
ECR plasma.

Operating at low pressure is an important condition to sustain the ECR effect. Pressures
below 10 mTorr are typically used. Above this pressure, the collision frequency is increased
resulting in transition to a collisional microwave plasma [229].

ECR plasmas have distinct features due to the high ionization and gas dissociation levels
at low pressures [229].The plasma and deposition process under such conditions depend on
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Figure 11.3.4: Electron’s spiral path in an external magnetic field superimposed with a per-
pendicular periodic electric field illustrating the ECR effect and the resulting increase in the
Larmor radius.

several parameters such as pressure, microwave power, substrate temperature and reactive gas
flow if any. The energy and flux of impinging ions depend also on these parameters and can
additionally be controlled by biasing the substrate.

Application of the ECR technology to thin films deposition

ECR technology application to thin film deposition has led to the development of different ECR
reactor designs [230] including divergent ECR, microwave plasma disk reactors, distributed
ECR, integrated ECR and multi-dipolar (or matrix distributed) ECR reactors. Divergent
ECR systems are considered to be the most typical ECR reactors. The microwaves, traveling
through a rectangular or circular waveguide, are introduced into the vacuum chamber through
a dielectric window [230]. One or several magnetic coils wound around the reactor are used
to form a magnetic field with a specific strength and profile. The reactor volume may have
from one to several ECR regions. The magnetic field profile along the chamber axis can be
adjusted in order to localize the ECR region of the plasma where it is necessary [231]. The
divergent ECR setup used in this work is similar to the work carried out by Holber [232] and
his colleagues from IBM. The basic idea is to use electron cyclotron resonance to create metal
ions to do direct film deposition, a process usually called ECR plasma deposition. In Holber’s
system, Cu was the only material studied, and it worked very well. The ECR plasma deposition
is typically a post-ionization process. Neutral or low energy ions are created via alternative
techniques such as evaporation, magnetron sputtering, CVD. These species are then ionized by
the electrons accelerated to their cyclotron resonance in the ECR chamber. This leads typically
to an almost complete ionization [233].

Advantages of ECR deposition

The ECR plasma deposition of Nb has the potential to produce superior quality Nb films as it
brings undeniable advantages compared to the deposition via de-MS, such as:

e Production of singly or quasi-singly charged Nb ions

e Absence of carrier gas leading to freedom from gas inclusions
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e Control of the ion energy with applied bias to the substrate

e Quasi conformal deposition

11.3.4.2 Cathodic arc deposition

Cathodic arc deposition is extensively used in industry to deposit extremely hard film of a
variety of materials, such as TiN, TiAIN, CrN, ZrN... Its use extends from cutting tools,
medical devices, to jewelry. Another wide-spread use is for the production of diamond-like
carbon (DLC) films with a high percentage of sp® diamond.

The arc evaporation process begins with the striking of a high current, low voltage arc
on the surface of a cathode (known as the target) that gives rise to a small (usually a few
micrometers wide), highly energetic emitting area known as a cathode spot. The localized
temperature at the cathode spot is extremely high (around 15000 °C), which results in a high
velocity (10 km/s) jet of vaporized cathode material, leaving a crater on the cathode surface.
The cathode spot is only active for a short period of time, then it self-extinguishes and re-
ignites in a new area close to the previous crater. As the arc is basically a current carrying
conductor it can be influenced by the application of an electromagnetic field, which in practice
is used to rapidly move the arc over the entire surface of the target, so that the total surface
is eroded over time. This magnetic field can be used to control the motion of the arc. In the
case of a cylindrical geometry, the cathode(s) can also be rotated during deposition. By not
allowing the cathode spot to remain in one position too long, low melting material targets such
as aluminum, can be used and the number of droplets is reduced [234].

The technique provides a high coating rate, and of course the coating flux can be attracted at
the desired energy towards the substrate. The arc has an extremely high power density resulting
in a high level of ionization (30-100%), multiple charged ions, neutral particles, clusters and
macro-particles (droplets). As for ECR deposition techniques, a discharge gas is not needed,
contrary to classical sputtering, resulting in no trapped impurities. However, if a reactive gas
is introduced during the evaporation process, dissociation, ionization and excitation can occur

=

Figure I1.3.5: Vacuum arc
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Figure I1.3.6: Representation of a typical planar-arc (PA) source with the magnetic filter used
for the elimination of micro-droplets emitted from the cathode surface, from [102].

during interaction with the ion flux resulting in the deposition of a compound film.

A strong disadvantage is however the formation of macro-particles because of the explosive
nature of the process. If the cathode spot stays at an evaporative point for too long, it can eject
a large amount of its material in form of droplets or macro-particles. These macro-particles
are detrimental to the performance of the coating as they have a poor adhesion and typically
extend through the coating. Magnetic filtering and steering of the ion flux (figure I1.3.6) is then
needed, in order to remove macro-particles from the flux and to obtain a defect-free coating,
adding complexity to the coating system [235, 236].

This technique is currently developed by AASC corp. a collaborator of the thin films
research group at Jefferson Lab for Nb thick films and alternative SRF materials.

I1.3.4.3 High Power Impulse Magnetron Sputtering (HiPIMS) and its vari-
ants

HiPIMS technology is an array of ionized physical vapor deposition techniques. It is a complex
variation of conventional sputtering techniques such as dc-MS. It has been of great interest
over the last decade, generating extensive developments especially in the field of industrial
hard coatings [237]. It relies on 100 us high voltage pulses of the order of 1 kV compared to
the 300 V of the standard de-MS process. During the pulse, a huge power density is deposited
onto the target, of the order of a few kW /cm? compared to a few W/cm? of the standard DC
process, producing a highly dense plasma in which also the target atoms are partially ionized.
These can in turn be attracted to the substrate with a suitable bias. A further advantage of
the technique lies in the fact that no hardware changes are required compared to a standard
dc biased magnetron system, except for the obvious replacement of the power supply.
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In the following we will focus on variants of this techniques particularly adapted to the
deposition of a refractory metal like niobium and its compounds.

The HiPIMS Discharge

HiPIMS uses very short pulses (Fig. 11.3.7) with power densities at the target surface (during
the pulse) exceeding the typical dc power density by about two orders of magnitude (of the
order of kW/ ¢m?). This increases the ionization of the sputtered material creating a metal-
based plasma in contrast with a gas plasma for conventional sputtering. Since the duty cycle
is small (<10%) the average heating of the target is manageable. The initially high negative
bias voltage used, leads to an increased kinetic energy of the charged particles bombarding the
film surface, which is known to generate a denser, less columnar structure, where re-nucleation
commonly takes place [222]. The energy of the ions produced is in the 20 eV - 100 eV range
versus only about 2 - 10 eV in conventional sputtering. Table II.3.1 displays typical parameters
for a HiIPIMS plasma by comparison to a de-MS plasma.

Table I1.3.1: Plasma parameters for HIPIMS versus de-MS [238]

Parameter HiPIMS dc Sputtering
Peak Power Density 103 Wem 2 1 Wem ™2
Average Power Density 10% Wem 2 1 Wem ™2
Current Density 1-103 Acm 2 0.01-0.1 Acm ™2
Discharge Voltage 500-1000 V 200 V

Process Gas Pressure 1073-102 Torr 1073-10~2 Torr
Magnetic Field Strength 0.010-0.100 T 0.010-0.100 T
Electron Density 1018.1019 m—3 1016 ;=3
Electron Temperature 1-5 eV 1-7 eV

Degree of Metal Tonisation 30-100 % <5 %

Ton energy (average for metal ions) 20 eV 5 eV

The HiPIMS plasma breaks down in isolated ionization zones (IZs) [86] that rotate in the
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Figure I1.3.7: Typical HIPIMS pulse [85]
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direction given by the ExB drift, with velocities around 104 ms™! and frequencies in the range
of about 100 kHz. The positive feedback loop between electron mean free path and ionization
leads to “bunching” of plasma ionization zones. These 1Zs move in ExB direction because ions
are “evacuated” from ionization zones by electric field, exposing new neutrals to ionization by
drifting electrons. Electrons drift according to the local E and B fields, perpendicular to both,
and produce electron jets related to the azimuthal electric field of the plasma zone. From
the target point of view, a HiPIMS discharge represents therefore a situation of continuous
temporal and spatial change in local sputtering conditions. The physically relevant power
density of HIPIMS is much higher than the typically reported average power density. [Zs
explain how HIPIMS can offer “energetic condensation” in the context of sputtering.
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Figure I1.3.8: Modulated pulsed power discharge [87].

An alternative approach to HiPIMS, referred to as modulated pulse power (MPP), consists
in modulating the pulse such that in the initial stages of the pulse the power level is moderate
(typical for dc-MS) followed by a high power pulse. The MPP technique uses longer pulse
lengths (up to 3 ms) than classic HIPIMS and utilizes multiple steps and micro pulses in one
pulse period. One typical MPP pulse consisting of two stages in one pulse is shown in Fig.
I1.3.8. The first step is the weakly ionized period, in which low voltage current and power
are loaded on the target to ignite the plasma. Then the pulse goes to the strongly ionized
period with high voltage, current and power. There can be multiple steps in one MPP pulse
to reach the strong ionization period. By varying the pulsing width, frequency, the width and
the distance between micro pulses, MPP can generate controllable peak power, a maximum
average target power, and a maximum peak current on the target during the strong ionization
segment. The micro pulses within the pulse segments offer the flexibility to stabilize the plasma
and control the voltage, current and power. A combination of reduced gas rarefaction effects,
prevention of sustained self-sputtering, and a relaxation of ion trapping leads to an increase of
the deposition rate.
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Self-Sputtering

One of the most important and widely recognize effects of reducing power-normalized rate in
HiPIMS is due to the fact that a large fraction of sputtered atoms are ionized and some of the
newly formed ions return to the target where they contribute to the current, and so the power
included in the normalization of rates and cause self-sputtering (figure 11.3.9).
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Figure 11.3.9: Diagram of self- sputtering in HiPIMS, from [6]

Such gasless self-sputtering has been demonstrated for HiPIMS using high sputter yield
materials such as copper [110]. The possibility of gasless self-sputtering [109] of Nb, i.e. a
HiPIMS mode in which the sputtered atoms satisfy the need for a process gas was explored as
mentioned in 1.2. Thus no argon (Ar), krypton (Kr) or any other gas is needed, eliminating
the issues related to noble gas inclusion.

However, in the case of Nb [111], the sputter yield is not sufficient to produce enough
“niobium gas”. Rather, noble process gas is always needed to obtain HiPIMS pulses. This
leaded into the exploration of the minimum pressure needed to obtain a HiPIMS Nb discharge
[112]. It was found that, due to some residual plasma of the previous pulse, the pulse repetition
rate is an important parameter that allows pressure reduction while still maintaining a stable
and reproducible operation.

Another recent development of the HiPIMS process consists in superimposing a Mid Fre-
quency (MF) discharge in between the HiPIMS pulses to lower the frequency pulses of the
HiPIMS pulses. Though they do not depend on MF pulse pattern, the HIPIMS pulses can be
spaced as far (or close) in time as desired as long as the MF discharge is present. Conditions
are found where the species in the plasma are largely dominated by Nb™ [113].

Reactive HiPIMS

Reactive HiPIMS differs significantly from reactive dc-MS due to the fact that self-sputtering
can quickly become dominant and the sputtering gas (mostly Ar+ and N-+) is depleted from
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the area in front of the target due to rarefaction. The current wave form for reactive HiPIMS
discharges is highly dependent on the pulse repetition frequency unlike in the case of a pure
Ar HiPIMS discharge.

NbN, or NbTiN film deposition is relatively straightforward by using the HiPIMS discharge
in a reactive gas (Ng) atmosphere. The ion species measured in the studies reported in [112]
(figure 11.3.10) suggest the formation of dense, textured NbN films.
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Figure 11.3.10: Time-Of-Flight study of Nb HiPIMS with N2 gas [112].

HiPIMS advantages
HiPIMS plasma and the resulting films have been found to display the following characteristics:
e High level of ionization

e High energy ions, tunable with bias voltages

o Possibility to control the film structure
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e Phase-tailoring [242| leading to improved performance
o Allows lower temperature process

e Proven improved coverage of complex-shaped surfaces (even for high aspect ratio objects
and rough substrate surfaces) [243]

e Enhanced adhesion to substrate
e Film smoothness

e Film densification

Other opportunities in the use of HiPIMS present themselves beyond just the film growth.
The substrate can be treated in-situ to clean the surface or remove native oxides, typically
with plasma etching (high voltage applied to the substrate) [reference plasma cleaning with
HiPIMS], thus generating an optimum surface for film nucleation. By using very high energy
incident ions, film forming species can be implanted in the substrate, forming a gradient towards
the surface allowing interface engineering for the creation of an adequate template for the SRF
film subsequent growth.

Some of the shortcomings of HiPIMS are the reduction of deposition rate and the potential
transition to an arc discharge. The deposition rate for the HIPIMS discharge is expected to be
in the range 30-80 % compared to a conventional magnetron discharge, with the same average
power. The other problem with HiPIMS is the generation of arcs on the cathode surface,
especially for target materials with low melting point.



Chapter 11.4

Research Approach for the
development of bulk-like Nb films and
SIS multilayers

This chapter presents both approaches chosen in this experimental work for the development
of Nb thick films with bulk-like properties and the development of multilayer SIS structures as
a proof of principle for the Gurevich’s concept [5] (see chapter 1.1).

11.4.1 Nb films

The challenge in developing SRF Nb thin films is to reproduce and go beyond the performance
of bulk Nb. While tight correlation with the characterization of real materials has yet to be
described, there exists a theoretical framework describing the relevant material parameters of
surfaces as they influence SRF properties. Several material factors, highly dependent upon
the surface creation conditions, contribute to degraded SRF performance with respect to ideal
surfaces. These limiting factors such as intra-granular impurities and lattice defect density,
inter-granular impurities and oxidation, surface topography and chemistry, may lead to the
reduction of the electron mean free path, thus the reduction of the lower critical field H.;.

Thus, understanding of the film growth dynamics from nucleation to final exposed surface
is crucial. The defect density (which determines the electron mean free path) within the RF
penetration depth is certainly affected by intra-grain contaminants incorporated during the final
stage film growth, but it is also strongly affected by the underlying crystal texture, which is in
turn developed from the initial film nucleation process, which necessarily is strongly influenced
by the substrate. The development of every stage can be expected to depend strongly on the
kinetic energy distribution of the arriving Nb ions. Although the material thickness submitted
to the RF field corresponds only to the very top 40 nm of the Nb film, this final surface is
dictated from its origin, i.e. the substrate, the interface, and deposition technique (ion energy,
substrate temperature...). By opposition to bulk Nb surfaces, the top Nb film surface is
anticipated to be the cleanest.

I1.4.1.1 Energetic condensation for Nb films

The deposition method chosen to develop engineered Nb films for SRF applications is plasma
deposition via electron cyclotron resonance (ECR) as it creates hyperthermal Nb ions in vac-
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uum.

The parameter space of the ECR plasma deposition technique is explored to determine
the influence of the coating parameters on the structure for Nb films (in relation of the SZD
proposed by A. Anders [6]) and their superconducting and RF properties by varying the bias
voltage applied to the substrate during deposition and the coating temperature. The film
growth mode, epitaxy or fiber growth, is controlled, for metallic substrates by the baking
temperature or for insulators by the nature of the substrate (single crystal or ceramic, nano-
crystalline or amorphous).

11.4.1.2 Growth in 3 phases

Film growth for SRF applications can be approached in 3 sequential phases. The film nucleation
on the substrate can be tailored to enhance film adhesion, minimize intrinsic film stress and
favor an optimum structure. One can then grow an appropriate template for subsequent
deposition of the final RF surface, and then followed by deposition of the final surface optimized
for minimum defect density. One can also seal the final surface (oxide layer, cap layer) to protect
the SRF surface from any exterior or post-deposition potential degradation. Following such an
approach could be a path towards bulk-like engineered Nb films.

In an effort to tailor the interface, ECR Nb films have been grown on a variety of substrates,
insulating and metallic, single crystal, polycrystalline and amorphous.

I1.4.2 Development of Multilayer SIS films

The SIS concept [5] proposes to take advantage of high-T. superconductors without being
penalized by their lower H.;. SRF cavities are coated with alternating superconducting and
insulating (SIS) layers with a thickness d smaller than the penetration depth A so the Meissner
state can be retained at a magnetic field much higher than the bulk H.;. The thin higher-T,
layers provide magnetic screening of the bulk superconducting cavity delaying vortex pene-
tration. The BCS resistance is also strongly reduced because the envisioned superconducting
materials (NbgSn, NbTiN ...) have a larger gap A than Nb. With such structures, Q-values
at 4.2 K could be increased a couple orders of magnitude above Nb values.

The materials chosen to develop SIS multilayer structures in this work are NbTiN and AIN.
Although NbTiN is not necessarily the optimum material for ultimate enhancement of SRF
surfaces, its relative ease of fabrication and stability at room temperature make it an adequate
superconductor to develop a proof of principle for the SIS concept. AIN is chosen due to its
good insulating properties and similar B1 structure. It is also found, in literature, to enhance
the superconducting properties of NbN and NbTiN, especially for very thin films.

Particular attention is given to the interface insulator/substrate, superconductor/insulator
due to the necessity of these films to be very thin to implement the enhancement proposed by
the SIS concept.

As a first approach, SIS structures were developed with reactive dc-MS. The optimization
was performed by defining the Target composition, sputtering gas pressure, reactive gas ratio
and discharge power.

In view of the potential benefits of energetic condensation, the aim is also to apply it
through the HiPIMS process to the development of alternate SRF materials and SIS multilayer
structures and further improve the results achieved with dc-MS.
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A concept for coating cavities with multilayer structures based on cylindrical HiPIMS is
also under development.
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Part 111

Characterization Methods
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As described before, particular material characteristics have been implicated as contributing
to degraded SRF performance of candidate thin films. The material and superconducting
properties of SRF films, Nb thick films or SIS multilayers, need to be carefully evaluated to
determine their influence on the films RF performance. This section gives an overview of the
different characterization techniques used for this work.



Chapter II1.1

Cryogenics and RF characterization
Methods

As seen in Part I, SRF thin films are useful for accelerators at cryogenic temperature (typically
2 K for Nb). It is then important to characterize the superconducting properties film with
cryogenic methods and determine their RF performance.

I11.1.1 T. and RRR via the four-point electrical probe method

RF measurements to evaluate the RF surface resistance for coated samples are complex and
they need a well calibrated RF and cryogenic systems. Preliminary studies on samples are
needed to understand if the modified coating technique is valid and if it introduces significant
changes in the film quality [244].

One of the common figure of merit used to define the quality of a material is Residual
Resistivity Ratio (RRR). The RRR is an immediate estimate of the film quality: the higher
the value, the higher the purity of the material. It is a direct measure of the mean free path
and quality of the film that is affected by any present scattering center.

The RRR and the transition temperature T, of films are measured with the so-called four-
point method. The film dc electrical resistance, R, is measured at room temperature (Rspox)
and just above the superconducting state, at 10 K (Ryox) for Nb. As long as the sample
geometry is homogeneous, the measurement does not depend on its geometry. In case of an
inhomogeneous sample, the four leads need to be connected in line to avoid spurious effects
[245, 246]. RRR is a dimensionless parameter as the geometric dimensions remain constant
with temperature and get eliminated in the ratio.

The low temperature resistance of the sample is fixed at 10 K and the RRR is calculated
with the following formula:

R (300K) -~ Qphcm( 300K) + Ores

RRR = ~
R (IOK) Qphon ( IOK) + Ores

(1T1.1.1)

pphon( (T) is the resistivity due to the electrons-phonons collision which decreases with
temperature.

pres 18 the residual resistivity and is temperature independent.

The electrical resistivity, p, is inversely proportional to the relaxation time, 7, which enters
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in the definition of the mean free path | of a conduction electron, 1=vp7, vp being the Fermi
velocity. The product pl can be considered constant for a given metal (3.75 & 0.05 x 10~5Qm?
for Nb) and can be used to estimate the mean free path from the resistivity.

At 300 K, the net resistivity,0 =pphon (T)+ pres, is usually dominated by collisions between
the conduction electrons and the lattice phonons. A 10 K, it is dominated by collisions with
impurity atoms and lattice imperfections. The value of ppron (T) can be assumed to be 1.45+
0.05 x 1077 Q.m at 300 K and negligible at 10 K. p(10K) and the electron mean free path I
can then be estimated from the measured RRR.

The transition temperature T.and the transition width AT are calculated from the resis-
tance curve with the following formulae:

Ti90%) + T(10%)

T. = 5

and ATC = T(go%) — T(IO%) (11112)

where T(ggy) is the temperature corresponding to the 90% of the resistance before the
transition and T ;g9 is the temperature corresponding to the 10% of the resistance before the
transition. AT, is the error on the critical temperature estimation.

Testardi and Mattheiss studied the relation between RRR and critical temperature for thin
niobium films [247]. It is an universal curve independent from the coating technique applied.

From Matthiessen’s rule, the niobium resistivity, at low temperature and normal state, is
related with RRR and phonon resistivity at 300 K p,:

Oph

0, (10K) = RRE 1 (II1.1.3)
The four-point probe measurement setup used in the present work is shown in figure II1.1.1.
Four wires (or probes) are attached to a sample surface. A constant current flows the length
of the sample through probes labeled 1 and 4 in the figure. This can be done using a current
source or a power supply as shown. The sample’s resistance to the flow of electrical current
causes a potential drop as the current flows along the sample, for example between the two
wires (or probes) labeled 2 and 3 in the figure. The resistance of the sample between probes 2
and 3 is the ratio of the voltage drop to the value of the output current of the power supply.
A multiplexed system with 4 boards with 8 seats each was used to accommodate the large

number of samples.

The sample temperature is carefully controlled and the current intensity is chosen as not to
deposit any significant heat in the sample. A Labview program is used to acquire the resistance
curve from 300 K to below the transition temperature (typically 5 K). A current of 10 mA is
applied to the sample (for ECR samples) and the voltage is measured. The same method is
used for the temperature probe, applying a direct current of 10 mA, the resistance is measured
and the temperature is obtained from the calibration curve.

Method for RRR measurements for Nb films deposited on metallic substrates

In the case of Nb films deposited on Cu, the signal from the Cu substrate overwhelms the
measurement. To get rid of this artifact, the Cu substrate is dissolved in a solution of ammo-
nium persulfate. The Nb film is then stabilized on double-sided kapton tape on glass slides.
Although he film is somewhat altered by the process and manipulation, the resulting value
measurement constitutes a lower value for RRR. Typically strain induced by the difference in
lattice match from the substrate is also released when the substrate is removed.
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Voltage Current Source
Measurements ~ 50 mA
Cernox Pins2to3 Pins 1to 4
Resistor Heater g channels 8 Channels

Test Stand

| substrate

Sample Board Box

Figure I11.1.1: Schematic of a four point probe measurement and test stand setup

I11.1.2 SIC measurement: surface resistance and penetration
depth

As seen, in chapter [.2, the performance of SRF cavities is qualified by the RF surface re-
sistance at operating temperature, typically bellow 4.2 K, the liquid He temperature. It is
then important to qualify the RF performance of thin films to determine their adequacy for
SRF applications. Meaningful RF surface resistance measurements on samples are convoluted.
There are several setups available in different institutions but they all have their limitations.

Such measurement is performed at JLab with the Surface Impedance Cavity (SIC) [27]. The
system consists of a TEg11-mode cylindrically symmetric niobium cavity loaded with a sapphire
rod in order to keep the frequency of the system relatively low (7.5 GHz) while maintaining the
physical dimensions as small as practicable. The sample is presented as a non-contacting end
plate of the resonator, separated from the niobium body by a triple choke joint. The sample
is separated from the planar end face of the sapphire rod by a 1 mm gap. The flat sample
size: 50 mm diameter; active RF area: 20 mm diameter; RF frequency: 7.5 GHz. The sample
surface exposed to > 90% of the peak magnetic field consists of an annular ring of width ~2.8
mm and mean diameter 4.0 mm.

The surface impedance can be measured as a function of temperature and field. The sample
is thermally isolated from the rest of the RF structure (maintained < 2 K) and its temperature
may be independently regulated at some higher temperature and dissipated heat sensed in a
calorimetric fashion. The duty cycle of the pulsed RF source is set to provide a small but
accurately measured temperature rise for the field value selected.

The calorimeter sensitivity can be selected by the design of its support structure to op-
erate at low values of field and surface resistance, Rs;. In order avoid excessive excursions
in temperature at high fields, the RF source may be pulsed and the duty factor accurately
measured.
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Figure I11.1.2: JLab surface impedance characterization (SIC) system and schematic of the
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Figure III.1.3: Relative magnetic field distribution on SIC sample. r/(rp—10mm)
The power dissipated on the sample is given by:

P, = 3.7210" R, B2, ,, watts (111.1.4)

max
where R is in ohms, and B, is in Tesla.

The system can directly accommodate flat 50 mm (2”) diameter thin film samples.

The surface impedance is measured as a function of magnetic field and temperature from
1.9 K to 9.4 K. With the normal state surface impedance at 10 K, one can determine the
surface value of the electronic mean free path and surface B.;.

The superconducting penetration depth A at low field can be measured by carefully tracking
the cavity frequency with temperature as the sample temperature is swept slowly back and forth
across the transition temperature (SIC sensitivity: 30 Hz/nm) while the rest of the cavity is



CHAPTER IIL.1. CRYOGENICS AND RF CHARACTERIZATION METHODS 121

held at 2 K. The RRR of the RF surface within the penetration depth measurement can also
be determined.

II1.1.3 Point contact tunneling for superconducting gap mea-
surement

Measurements of the surface superconducting gap A of Nb films were performed at ANL and
IIT on a selection of ECR Nb films with the point contact tunneling technique [250, 251].
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Figure I11.1.4: Point Contact Tunneling setup from [250, 251]. B. Typical dynamic conductance
curve for a bulk Nb sample.

Tunnel junctions are formed by using a mechanical contact between the sample and an Au
tip attached to a differential micrometer screw (figure II1.1.4) fully described in [250]. Figure
I11.1.4 shows the dynamic conductance curve (dI/dV versus V). Typically, the measurement is
conducted by forming a series of independent junctions in as single run by completely retracting
the Au tip (71 mm) and then re-advancing the tip until a tunnel current is observed. These
junctions probe different regions over an area estimated to be greater than 10 pym?.

The data is analyzed using the tunnel current in superconductor-insulator- superconductor
(S-I-S) and superconductor-insulator-normal metal (S-I-N) junctions written as

(V)= c/oo T, (E) py (E + V) [f (E) — f (E + eV)] dE[250], (LIL.1.5)

— 00

Where p; (E) and p, (E) are the quasi-particle DOS in the two electrodes, cis a proportion-
ality constant, f (E)is the Fermi-Dirac distribution function which describes thermal smearing
and |T|? is the tunneling matrix element [252].

Measurements on bulk Nb [253] give A of about 1.55 meV which is in good agreement with
previously published experiment [254].

II1.1.4 SQUID magnetometry

Another physical figure of importance, especially for the development of superconducting thin
films appropriate for SIS structures, is the lower critical field H;.
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H.1 measurement were performed at the College William & Mary with a superconducting
quantum interference device (SQUID) magnetometer, the Quantum Design Magnetic Property
Measurement System (MPMS) [255]. The MPMS measures the magnetic moment of small
samples as a function of temperature and applied field using a secondary derivative coil (see
figure I11.1.5 left), consisting of two outer coils oriented in one direction and two inner coils
oriented in the opposite direction. These coils are made of superconducting wires which are
connected to a SQUID. The SQUID is a tool that takes advantage of the Josephson effect, first
predicted by Brian Josephson in 1962[256] and experimentally observed by Philip Anderson
and John Rowell in 1963 [257]. The Josephson effect is observed when two superconductors,
separated by an insulating material, are coupled by a super-current tunneling through the
separating material. This geometry is called a Josephson junction. SQUIDs have a Josephson
junction installed in the current loop that is connected to the detection coil which acts as a
current to voltage converter. If the sample size is sufficiently smaller than the detection coil,
the output voltage (figure II1.1.5 right) can be modeled as the movement of a point-source
dipole moving through the coil and using standard fitting algorithms is used to determine the
magnetic moment of the sample.
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Figure ITI1.1.5: (left) The SQUID coil geometry showing the four detection coils, the sample
and the direction of the applied field. The directions of the arrows show the opposing directions
of the inner and outer coils.

The H. measurements are done with two different methods which are compared. The
first method involves isothermal ramping of the applied field. Once the sample temperature is
brought below T, and fixed, the moment is measured as the applied field increases to achieve a
curve similar to the one represented in figure I11.1.5. However, if flux pinning occurs, Hey does
not occur at the peak moment, but at the first deviation from the Meissner slope. When flux
pinning occurs and the magnetization is not reversible, a procedure develop by Béhmer at al.
is implemented [258].

This procedure accurately determines H. by measuring trapped magnetic moments that
appear after the application and removal of an applied field. The first step is to do a zero
field cool (ZFC) down into the superconducting state, where the sample’s magnetic moment is
measured. An external magnetic field is then applied and removed and the magnetic moment
is measured once more. The sample‘s magnetic moment value before the field application is
subtracted from the value after the filed application. The sample is then warmed up into the
normal state and the procedure is repeated for different field values. H.; is determined to be the
field at which there is a difference in the two magnetic moments, indicating filed penetration.

Any misalignment between the film’ surface and the direction of the applied field will lead
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to a decreased value for the measured critical field. Thus, even when the samples are aligned
as well as experimentally possible, the field measured will represent a lower limit of H.; since
the perpendicular component of the applied field would promote earlier vortex penetration.

The magnetic moment of a thin film can be determined by:

H
m = V—(coszé? + sin’0), (I11.1.6)

47

1-D

where m is the magnetic moment, v is the sample volume, H is the applied filed, 6 is the
angle between the sample’ surface and the applied field and d is the demagnetization factor.
The optimal alignment is achieved when m is minimized by achieving =0 (thus 1-D=0).
For the measurements presented in this work, the sample position was adjusted to achieve a
minimum magnetic moment, thus aligning the sample surface as parallel as possible with the
applied magnetic field.

In an SRF elliptical cavity, magnetic fields always travel parallel to their surface and there
are no edge effects. However, edge effects can be of concern in SQUID measurements. During
SQUID measurements with the field oriented parallel to the surface, the applied magnetic
field will also interact with the edges of the sample, causing a perpendicular contribution, and
potentially the backside or the interface of the film and its substrate depending on the substrate
magnetic behavior.

As mentioned in chapter 1.4, Antoine et al. considered the contribution of the samples’
edge effects on the overall behavior of the multilayer [151, 152]. In addition to DC SQUID
measurements, an AC third harmonic analysis [100, 259, 260| was used to measure the su-
perconducting properties of the samples. Because this measurement technique uses a local
probe which is much smaller than the sample, edge effects do not alter the results. The tech-
nique probes the sample only on the side of the multilayer replicating an SRF cavity where
the niobium will only see a magnetic field attenuated by the SIS coating. The DC and AC
measuremment results were consistent with each other. This gives us confidence that the DC
SQUID measurement can be considered to represent accurately the samples.



Chapter I11.2

Methods for Solid State Physics

I11.2.1 Microstructure and morphology analyses

The structure of films deposited on substrates may differ significantly from that of the bulk
material. It will definitely vary from one substrate type to another.

111.2.1.1 X-ray Diffraction

XRD is a powerful non-destructive method used to measure structural properties, such as
residual stress, grain size, epitaxial relations, texture, defect structure, and crystal structure.
The X-rays have wavelengths in the order of a few angstroms, the same as typical interatomic
distances in crystalline solids. When certain geometric requirements are met, X-rays scattered
from a crystalline solid can constructively interfere, producing a diffracted beam. The condition
for constructive interference is given by the Bragg’s law:

n\ = 2dsinf (II1.2.1)

where n is an integer, A is the wavelength, d is the interatomic spacing, and 6 is the
diffraction angle. The diffracted beam intensity will depend on several factors such as the
chemical composition of the film and the local arrangement of the atoms. Detailed descriptions
of the technique are found in reference [261, 263, 262|. It should be noted that (I11.2.1) is only
valid for A< 2d, thus requiring the short wavelengths found in X-rays in order to probe the
lattice spacing.

The x-rays are scattered by the electrons and the resulting angular dependent intensity
distribution is measured with a detector. Using an x-ray wavelength in the order of the atomic
distances within the sample structure (~ 1) results in extended interference patterns. As the
probability of the scattering process is quite low, x-rays penetrate deep enough into the sample
(up to several hundred nanometers) to give detailed information about the internal structure.
The scattered intensity can be mapped in angular space or reciprocal space (often also referred
to as K-space or Q-space). Thus, it is not possible to take a direct image of the real space
sample structure with this method.

Combining the information from the reflectivity and the Bragg range provides a comprehen-
sive insight into the sample architecture and film quality including information about the film
thickness, the interface roughness, the electron density, the crystal structure, the lattice pa-
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Figure I11.2.1: Constructive interference of two X-rays with atomic planes

rameters (including strain), the surface miscut, the crystal mosaicity and the coherence length
of the individual layers.

The XRD peaks are obtained due to constructive interference of a monochromatic beam
scattered from lattice planes at specific angles (see figure I11.2.1). Therefore, the x-ray diffrac-
tion pattern is representative of the crystal structure of given sample. XRD can also provide
information of preferred orientation (texture), average grain size, residual stress, and crystal
defects. Three types of XRD configurations (conventional, glancing incident and rocking) were
recorded to study the films generated for this work.

The crystal structure of the films was characterized by monochromatic Cu-Ka radiation
(1.5418 A) on a Philips X-ray diffractometer Pan-analytical operated at 45 kV and 30 mA.

Conventional Bragg-Brentano Configuration

A typical XRD scan, Bragg-Brentano or 8 - 20, measures the intensity of diffracted x-rays and a
function of 2. A peak in intensity around a given angle indicates that there are atoms arranged
in a periodicity that can be calculated using (IT1.2.1). In this arrangement, the incident and
detection angles relative to substrate plane were equal during all the measurements. In this
arrangement, the only information related to the planes parallel to the substrate surface is
obtained. Data taken from conventional XRD scans can also be used to determine the size of
the crystallites in the films.

Considering a single crystal film that is free of defects, grain boundary, or any other scat-
tering centers, reflections from the planes would approach delta function. In a crystal that
contains scattering centers, the reflection that occurs would be broadened over a range of an-
gles. In polycrystalline materials, the presence of crystallites and grain boundaries reduce the
periodicity of the crystal lattice thus broadening the reflection peak. The Scherrer method
uses an analysis of x-ray data from a 6 - 20 scan to calculate the average crystallite size in a
polycrystalline material [265]. For a polycrystalline thin film, the crystallite size is given as:

K\

b= Asgp cos (0)

(111.2.2)

A is the x-ray wavelength (0.15418 nm) for Cu K« ; 26 is the location of the peak cor-
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responding to the (002) orientation. Agy is the full with at half maximum (FWHM) of the
peak and K is the appropriate shape factor (0.94 for cubic crystals) [266, 267]. Ultimately,
the Sherrer equation gives a lower limit of the grain size sine other factors such as strain or
instrumental effects can result in further peak broadening. Because the X-rays are probing the
entire sample and sampling multiple grains, the calculated grain size represents an average of
all grains within the probed region.

Rocking Curve

Pole figure or rocking curve measurements (w-scan) are an efficient way to reveal the polycrys-
talline structural character in a material.

In real crystals, all of the atoms will not perfectly arranged in a lattice. Instead, there
will be small regions or grains in which the atoms are arranged on a lattice. There can be
a small misalignment between individual rains leading to what is called a mosaic structure.
The degree of mosaicity in a crystal can be determined using a rocking curve. In this XRD
configuration, the detector is fixed at diffraction angle of interest and the sample is rocked
through an angular range, bringing the plane of interest in and out of the Bragg condition.
The width of the measured peak measured at its half-maximum (FWHM) contains information
of the amount by which the measured plane is off the surface normal and is often referred to
as degree of orientation or texturing of the specimen. A schematic of conventional and rocking
XRD configuration is shown in Figure 111.2.2.

Glancing-Incident X-Ray Diffraction (GIXRD)

Glancing incident angle XRD is used to study the diffraction pattern of films deposited on
various substrates with suppressed peaks interfering from the substrate. In this configuration,
the incident angle 0 is fixed at grazing angles of 1 to 10° and the diffraction profile is recorded
by detector scan only.

Since the penetration depth of the x-ray in this configuration is lower, the substrate effect
is reduced and only the surface layers of the film are measured. The GIXRD method can
also be used to measure the residual stress inside the film. Diffraction patterns obtained in
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conventional arrangement contain information averaged over a larger fraction of the sample.
Whereas, analysis of diffraction patterns acquired at gradually increasing incident angles allow
quantitative residual stress in the films.

The crystal structure and texture were investigated via X-ray diffraction (XRD) 6/26 and
pole figure scans with a four-circle PANalytical X’Pert PRO-MRD diffractometer. The diffrac-
tometer scanned over a 26 range from 30° to 120° at step size 0.02°. The slit aperture of the
X-ray source is 10x17mm. The scan has a divergence slit of 0.5°, a receiving slit of 0.1° and use
a line focus Mirror primary optics with Cu K« source. The source with wavelength Ag,=1.54
A was operated at 45 kV and 40 mA. XRD Pole Figures in Stereographic Projection format
were used to investigate the “texture” (grains distribution in-plane) [261].

I11.2.1.2  Electron Backscatter Diffraction (EBSD)

Electron backscattered diffraction (EBSD), also known as backscattered Kikuchi diffraction
(BKD) is a micro-structural crystallographic technique used to examine the crystallographic
orientation of many materials, which can be used to elucidate texture or preferred orientation
of any crystalline or polycrystalline materials [268]. EBSD can be used to index and iden-
tify the seven crystal systems, and as such it is applied to crystal orientation mapping, defect
studies, phase identification, grain boundary and morphology studies, regional heterogeneity
investigations, material discrimination, microstrain mapping, and using complimentary tech-
niques, physico-chemical identification. Traditionally these types of studies have been carried
out using x-ray diffraction (XRD), neutron diffraction and/or electron diffraction in a TEM.
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Figure 111.2.3: EBSD principle and setup

Experimentally EBSD is usually conducted using a Scanning Electron Microscope (SEM)
equipped with a backscatter diffraction camera. The diffraction camera consists of a phosphor
screen - which is inserted into the specimen chamber of the SEM at an angle greater than
or equal to 90° to the pole piece - and a CCD camera on the end of a light pipe to register
the image on the phosphor screen. A flat/polished crystalline specimen is placed into the
normal position in the specimen chamber, but is highly tilted (T70° from horizontal) towards
the diffraction camera. When the electrons impinge on the specimen they interact with the
atomic lattice planes of the crystalline structures. Bragg diffraction occurs in three dimensions
from these planes either side of the diverging beam, giving rise to two cones of radiation, the
so-called Kossel cones. Those diffraction cones intersect with a phosphor screen placed in front
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of the specimen (imaging plane). Since Bragg angles are rather small for energetic electrons
(about 0.5°), the section of a pair of Kossel cones with the flat phosphor screen forms a pair
of virtually parallel straight

Kikuchi lines (called a Kikuchi pattern). The angular distance between a pair of Kossel
cones is twice the Bragg angle. So, the width of the bands corresponds to twice the Bragg angle.
The center line corresponds to the intersection line between the lattice plane and the phosphor
screen. Hence, the angle between center lines corresponds to the angle between crystallographic
planes. Since the Kossel cones are rigidly fixed in orientation to their lattice planes, Kikuchi
patterns exactly follow any rotation of the crystal lattice and contain complete information on
the orientation of the diffracting crystal. They can be indexed individually by the Miller indices
of the diffracting plane which formed it. The bands formed can also be analyzed to show the
deformation present within the material: pattern blurring gives an indication of the plastic
strain (as dislocations present within the interaction volume deform the crystal and alter the
diffraction conditions) within the crystal and small shifts/rotations of the pattern (compared
to a perfect crystal at this orientation) indicate lattice rotation and elastic strain.

The typical scattering area is ~ 10 nm x 1 nm and probing depth is ~ 20-100 nm.

Often, the first step in the EBSD process after pattern collection is indexing. This allows
for identification of the orientation at the single volume of the sample from where the pattern
was collected. With EBSD software, pattern bands are detected via a mathematical routine
called the Hough transform, in which every pixel denotes a unique line in the EBSD pattern.
As angles between bands represent angles between lattice planes, when the position / angles
between three bands are known an orientation solution can be determined.

A further function of EBSD is mapping of information collected from a prescribed grid of
points on the sample. A sample area is designated and collection parameters selected. The
system then automatically rasters the electron beam accordingly, and at each point the indexed
orientation information is stored into a dataset. From this dataset numerous maps, charts and
plots can be generated. Some of these include grain orientation maps, grain boundary maps,
image quality maps, grain size charts, misorientation charts and texture plots.

Additionally, all Kikuchi raw bmp images acquired and used for indexing and imaging, can
also be recorded for future cross-reference. These raw bmp images can be then re-indexed off
line to verify previous calibration and indexing results.

When simultaneous EDS/EBSD collection can be achieved, the capabilities of both tech-
niques can be enhanced. To accomplish integrated mapping, analysis area is scanned and at
each point Hough peaks and EDS region-of-interest counts are stored. Positions of phases are
determined in X-ray maps and measured EDS intensities are given in charts for each element.
For each phase the chemical intensity ranges are set to select the grains. All patterns are then
re-indexed off-line. The recorded chemistry determines which phase / crystal structure file is
used for indexing of each point. Each pattern is indexed by only one phase and maps displaying
clearly distinguished phases are generated.

An impressive aspect of the SEM/EBSD/EDS combination is that, at the nanometer scale,
the sample’s geometrical features (surveyed via secondary electron imaging), crystal structure
(via Kikuchi pattern indexing), and chemical composition (via EDS - see section below) could
all be revealed in-situ by one instrument. Most critically, the probing depth of EBSD (on the
scale of tens of nanometers) is relevant to the functional layer of SRF particles accelerators,
whose typical London penetration depth is ~ 30 nm. Thus, the crystal structure of a material
investigated by EBSD is directly relevant to the material’s SRF performance.

The measurements performed on the films in this present work were performed at JLab and
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at NASA Langley on, respectively, an AMRAY 1830 equipped with EDAX EDS and EBSD
detectors and associated TSL OIM data acquisition software package and on a .... equipped
with the same type of detectors and software packages.

In this study, the grayscale of all the IPFs is rendered by the Confidence Index (C.I). Dark
and gray pixels are the points of low confidence indexes (CI < 0.05). Although there is no
quantified relationship between crystalline order and CI, qualitatively, lower CI suggests lower
crystallinity. The black or deep gray areas in an IPF color map might be the zones where either
the grain size is <50 nm or the grains might be entirely amorphous. The Kikuchi-diffraction
patterns from these low CI zones were observed to be very faint or could not be indexed by
the OIM™™ software.

In order to discriminate within a plane family (because all orientations within a pane family
are rendered in the same color), the OIMT™ software can plot the raw data in a view of pole
figure to visualize the texture. Compared to the XRD’s probing depth of 1-2 microns, EBSD
probes only the top most surface (~ 50 nm). Pole figures generated by both EBSD and XRD
are complementary tools to reveal the reciprocal lattice (structural properties) of materials.

I11.2.1.3 Scanning electron microscopy (SEM)

SEM is a versatile and widely used tool as it allows high magnification observation of samples
with great resolution and easy sample preparation. Combined with energy dispersive X-ray
spectroscopy (EDS), it is capable of fast elemental analysis at high resolution. A monochro-
matic electron beam is focused onto a fine probe which is scanned over a rectangular area of the
sample. As the electrons collide with the surface, a number of interactions occur resulting in the
emission of electrons and photons from the surface. The intensity of the secondary electrons is
point-to-point mapped onto a screen. The electron beam in the cathode ray tube illuminating
the screen is synchronized with the electron beam scanning the sample. High-resolution images
of the morphology or topography of a specimen at very high magnifications can be obtained.
Compositional analysis of a material may also be obtained by monitoring secondary X-rays
produced by the electron-specimen interaction. Thus detailed maps of elemental distribution
can be produced from multiphase materials. Characterization of fine particulate matter in
terms of size, shape, and distribution as well as statistical analyses of these parameters, may
be performed.

The Hitachi S-4700 cold field emission Scanning Electron Microscope (FE-SEM) with
EDAX EDS attachment, located at the College of William & Mary. This SEM permits ul-
tra high resolution imaging of thin films, semiconductor, and bulk material surfaces. The
S5-4700 is configured to detect secondary and back- scattered electrons as well as characteristic

X-rays. As mentioned before, in the framework of EBSD analyses, the SEM instruments at
JLab and NASA Langley were used.

I11.2.1.4 Focused Ion Beam

Focused Ion Beam (FIB) systems [270] utilize a finely focused beam of gallium ions (Ga™)
operating at low beam currents for imaging and at high beam currents for site-specific milling.

Cross-section TEM samples preparation by using a Focused Ton Beam (FIB) as become a
common preparation technique as it involves less preparation process steps than the standard
technique (see bellow) and seems to introduce less artefacts. By controlling the location, beam
size and current density of the ion beam, material can be selectively removed from sub-micron
areas. Thus a finished electron transparent portion of the sample (usually 5 pm x 20 pm) is
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obtained by FIB micro-milling and then placed by a micro-manipulator on a sample holder to
be inserted into the TEM microscope: this procedure at present represents the one site-specific
and artefact-less outstanding TEM sample preparation techniques.

Most state of the art systems also contains in-situ scanning electron microscopy (SEM)
capabilities for real time imaging of the ion milling site. The capability of high-resolution
imaging using both secondary electron and secondary ion signals has made the FIB microscope
a unique imaging tool. Stress-free cross sectioning using the primary gallium ion beam provides
valuable microstructure information beneath the specimen surface. The samples used for TEM
cross-section in this dissertation were ion milled and imaged in a FEI Titan FIB at the Facility
(AIF) of North Carolina State University (NCSU).

Additionally, FIB imaging can provide useful qualitative information. One example of FIB
applications has been presented in chapter I1.1 with figure II.1.11. It reveals the difference in
structure of "standard" polycrystalline Nb films grown on oxidized copper surface and epitax-
ially grown ones deposited on oxide-free copper [74].

II1.2.1.5 Transmission electron microscopy (TEM)

This is a powerful tool with an optimal image resolution of “1 A for an accelerating voltage
of 200 kV. Materials for TEM must be specially prepared to thicknesses that allow electrons
to transmit through the sample. This is a time consuming task, especially for cross-sectional
images. TEM images provide information on the sample microstructure and exhibit contrasts
caused by defects and grain boundaries, for example. They are especially useful for the study
of interfaces between films and substrates. There are two mechanisms responsible for the
contrasts observed in a TEM image, a diffraction contrast used for the formation of bright field
and dark field images, which reveal areas that are diffracting the electron beam differently due
to changes in orientation or presence of crystallographic defects, and a phase contrast that uses
the phase difference of the transmitted electrons to form the image [271].

The TEM cross section sample preparation were prepared by FIB ion milling as described in
section I11.2.1.4 or by the standard cross-section TEM sample preparation involving mechanical
polishing and ion milling.

The whole process includes:

1. Sample cutting by low speed Diamond Saw or Tuned Piezo Cutting Tool. 2. Sample
binding for cross-section TEM sample. 3. Mechanical pre-thinning by disc grinder down to
70-100 pm 4. Further thinning the specimen by Dimple Grinder 5. Ton milling by Precision
Ion Polishing System (PIPS) at low angle (2-4°). The area useful for TEM observation should
be thinner than 100 nm.

I11.2.1.6 Scanning transmission electron microscopy (STEM) coupled with
electron energy Loss spectroscopy (EELS)

A scanning transmission electron microscope (STEM) is a type of transmission electron micro-
scope (TEM). It is distinguished from conventional transmission electron microscopes (CTEM)
by focusing the electron beam into a narrow spot which is scanned over the sample in a raster.

By using a STEM and a high-angle detector, it is possible to form atomic resolution images
where the contrast is directly related to the atomic number (z-contrast image). The directly
interpretable z-contrast image makes STEM imaging with a high-angle detector appealing.
This is in contrast to the conventional high resolution electron microscopy technique, which
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Figure 111.2.4: Schematics of STEM system and EELS

uses phase-contrast, and therefore produces results which need interpretation by simulation
[272]

The rastering of the beam across the sample makes this instrument suitable for analysis
techniques such as mapping by energy dispersive X-ray (EDS) spectroscopy, electron energy
loss spectroscopy (EELS) and annular dark-field imaging (ADF). These signals can be obtained
simultaneously, allowing direct correlation of image and quantitative data.

Electron energy loss spectroscopy

In electron energy loss spectroscopy (EELS) a material is exposed to a beam of electrons with a
known, narrow range of kinetic energies. Some of the electrons will undergo inelastic scattering,
which means that they lose energy and have their paths slightly and randomly deflected. The
amount of energy loss can be measured via an electron spectrometer and interpreted in terms
of what caused the energy loss. Inelastic interactions include phonon excitations, inter and
intra-band transitions, plasmon excitations, inner-shell ionizations, and Cherenkov radiation.
The inner-shell ionizations are particularly useful for detecting the elemental components of a
material [273]

The HR-TEM and STEM observations presented in this dissertation were performed on
several systems:

e HR-TEM JEOL 2100F equipped with a Gatan SC1000 ORIUS CCD camera (11
megapixel) and an Oxford INCAx-sight EDS detector at Old Dominion University, on
JLab campus.

e HR-TEM JEOL 2000FX equipped with a 4PI EDS system at the Analytical Instrumen-
tation Facility (AIF) of North Carolina State University (NCSU) .

e At the University of Illinois- Chicago, on a JEM-ARM200CF equipped with Gatan Enna
1000 EELS system.

e At AIF-NCSU, on an aberration corrected FEI Titan G2 80-300 kV STEM with a XFEG
Shottky electron gun and is equipped with a 4 quadrant EDS detector (Chemi/STEM),
an HAADF detector (Z contrast) and a Gatan EELS system.
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I11.2.2 Chemical composition

As it was mentioned in chapter 1.3, impurities embedded in SRF films can be detrimental
to their SRF performance. It is then important to determine the composition of these films
compare to what is commonly observed in bulk Nb SRF surfaces.

II1.2.2.1 EDS

Energy desorption spectroscopy (EDS) is a rapid diagnosis for elemental composition that can
be implemented in an SEM or a TEM [274].

EDS analyses on the films created in this work were performed with EDAX EDS attach-
ments on the AMRAY 1830 at JLab and on the FEG-SEM at the College William & Mary.

II1.2.2.2  SIMS

The goal of this technique is to analyze the chemical composition of the samples. It is a
destructive diagnostic which gives the profiles of the different species studied as a function of
depth. A simplified representation of the equipment can be seen on figure I11.2.5. The sample
is placed in a very low pressure chamber (<10~ Torr obtained by a cryogenic pump) and
sputtered by an oblique beam of energetic primary ions (accelerations in the range 0.5 - 15
keV). The diameter of the primary ion beam is typically of a few microns and it is scanned to
sputter a crater of 100 pm x 100 pm to 200 pm x 200 pm in our measurements. The ejected
atoms or groups of atoms have a certain probability to be ionized, positively or negatively,
depending on their electronic affinity and of the surrounding matrix. These secondary ions will
be accelerated in the electric field present in the analysis chamber between the sample and the
extraction electrode and will be counted by an electron multiplier or a Faraday cup of a mass
spectrometer [275].

To detect negative (respectively positive) secondary ions, positive cesium Cst (respectively
positive oxygen O?1) ions are used as primary ions. In order not to charge the analyzed sample,
it should preferably be conductive.

The raw outcome of the measurement is a signal in counts per second as a function of
the sputtering time. The sample is taken out and the depth of the crater is measured by a
profilometer. The sputtering time can then be converted into the depth, assuming a constant
sputtering rate.

The SIMS analyses presented in this dissertation were performed at North Carolina State
University (NCSU, NC, USA) on a CAMECA IMS-6F.
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Figure 111.2.5: Schematic representing the different parts of a SIMS system

II1.2.3 Thickness and Morphology

I11.2.3.1  Profilometry

Thickness measurements in this work have been performed by stylus profilometry on a Dektak
3 ST Surface Profiler in the ARC surface laboratory of William & Mary on JLab campus.

I11.2.3.2  Atomic force microscopy (AFM)

Atomic force microscopy is one of many scanning probe microscopy techniques and is used to
characterize the surface topography of samples. The working principle is that a sharp tip is
scanned across the surface in a raster pattern while the vertical position of the tip is monitored
as the tip follows the surface profile to build up a height map of the surface as shown in
figure 111.2.6. The tip is located at the end of a thin cantilever mounted on a piezoelectric
scanner able to scan the tip laterally and vertically. When the tip is brought to a close
proximity (a few A) of a sample’s surface, repulsive Van der Waals forces between the atoms of
the tip and those of the sample cause the cantilever to deflect. The magnitude of the deflection
depends on the distance between the tip and the sample. Normally the lateral AFM resolution
of an AFM is about 1 nm. However, with a highly sharp tip and a flat sample, even atomic
resolution could be obtained [276].

Atomic force microscopy has three main modes of operation contact mode, tapping mode
and non-contact mode. In contact mode the tip is put into contact with the surface and
dragged across the surface while the deflection of the cantilever is monitored and kept con-
stant. Contact mode AFM can result in damage of the tip and/or the surface resulting in
erroneous measurements of the surface topography. Tapping mode AFM, also known as inter-
mittent contact mode AFM, is gentler on the tip and sample than the contact mode. Here
the cantilever is made to oscillate at or near its resonance frequency with constant amplitude.
Height information is gained using the oscillation amplitude as a regulation parameter. The
tip is lowered towards the surface until the oscillation amplitude decreases because the tip
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Figure I11.2.6: Diagram of an AFM setup

comes into contact with the surface, the height of the cantilever above the surface is then
kept constant by the regulation as the tip is scanned across the surface. Non-contact AFM
also utilizes an oscillating cantilever and amplitude regulation, here however the tip oscillates
close to but not touching the surface. At these distances the tip interacts with the sample
through attractive Van der Waals-forces causing amplitude shifts when cantilever height above
the surface changes. In contact mode and tapping mode the tip penetrates the thin liquid layer
present on surfaces exposed to atmosphere allowing for higher resolution imaging of surfaces
than non-contact mode under ambient conditions. Tip effects need to be taken into account
when interpreting AFM micrographs as they can result in image artifacts. Some examples are
imaging sharp features using a tip with a radius larger than the feature radius, which results
in an image of the tip rather than the feature, or that tips with more than one peak results in
repetition of features.

Atomic force microscopy has been used for surface imaging and characterization of the
surface morphology and surface roughness for the films in this work. The instrument used,
a Digital Instruments Scanning Probe Microscope (SPM), is hosted by the College William
& Mary surface characterization laboratory on JLab campus. The software enables useful
topographic analysis such as the root mean square (RMS) and the average (Ra) roughness.
The RMS roughness value is determined by creating a histogram of the height values in an
image, fitting a Gaussian curve to the histogram, and using the standard deviation of this
Gaussian as the RMS roughness. Additional frequency domain information can be obtained
using fast Fourier transforms (FFT). Further analysis such as wavelength selection can be
determined using power spectral density (PSD) on FFT images. This process is illustrated in
figure I11.2.7.

Recently, PSD analysis methods have been specifically developed to provide useful insight
on how the various processes commonly applied to SRF cavity surfaces alter their morphology
[277, 278, 279].



111.2.3.2 - Atomic force microscopy (AFM) 135

{E‘z.
3
2L . .
-3 -2 -1 0
Log(k) (nm’)
Topography — > 2D FFT _— PSD

Figure I11.2.7: Starting from a topographic AFM image, a two dimensional FFT is calculated.
From this 2D FFT, the PSD is calculated as a function of spatial frequency, k.

I11.2.4 Ellipsometry for Dielectric characterization

Ellipsometry is a common optical technique for measuring thin films and bulk materials. It
relies on the polarization changes caused by reflection or transmission from a material structure
to deduce the material’s properties, like thickness and optical constants [280].

Ellipsometry is a non-destructive, light optical analysis technique that requires neither sam-
ple preparation nor special measurement environment. It measures a change in polarization
as light reflects or transmits from a material structure. The polarization change is character-
istic of the surface structure of the sample and is represented as an amplitude ratio, ¥, and
the phase difference, A. The measured response depends on optical properties and thickness
of individual materials. Thus, ellipsometry is primarily used to determine film thickness and
optical constants. However, it is also applied to characterize composition, crystallinity, rough-
ness, doping concentration, and other material properties associated with a change in optical
response.

Schematic setup of an ellipsometry experiment Electromagnetic radiation is emitted by
a light source and linearly polarized by a polarizer. It can pass through an optional compensator
(retarder, quarter wave plate) and falls onto the sample. After reflection the radiation passes
a compensator (optional) and a second polarizer, which is called an analyzer, and falls into
the detector. Instead of the compensators, some ellipsometers use a phase-modulator in the
path of the incident light beam. Ellipsometry is a specular optical technique (the angle of
incidence equals the angle of reflection). The incident and the reflected beam span the plane
of incidence. Light which is polarized parallel to this plane is named p-polarized (p-polarised).
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Figure I11.2.8: Spectroscopic ellipsometry principle
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A polarization direction perpendicular is called s-polarized (s-polarised), accordingly. The "s"
is contributed from the German "senkrecht" (perpendicular).

Data acquisition Ellipsometry measures the complex reflectance ratio, p, of a system, which
may be parametrized by the amplitude component Psi and the phase difference Delta. The
polarization state of the light incident upon the sample may be decomposed into an s and a p
component (the s component is oscillating perpendicular to the plane of incidence and parallel
to the sample surface, and the p component is oscillating parallel to the plane of incidence).
The amplitudes of the s and p components, after reflection and normalized to their initial value,
are denoted by 7, and r,, respectively. The angle of incidence is chosen close to the Brewster
angle of the sample to ensure a maximal difference in r, and rs. Ellipsometry measures the
complex reflectance ratio, p (a complex quantity), which is the ratio of r, over r,:

p= ' _ tan Weid (I1.2.3)
Ts

Thus, tan(¥) is the amplitude ratio upon reflection, and A is the phase shift (difference).
(Note that the right hand side of the equation is simply another way to represent a complex
number.) Since ellipsometry is measuring the ratio (or difference) of two values (rather than
the absolute value of either), it is very robust, accurate, and reproducible. For instance, it is
relatively insensitive to scatter and fluctuations, and requires no standard sample or reference

beam.

Data analysis Ellipsometry is an indirect method, i.e. in general the measured ¥ and
A cannot be converted directly into the optical constants of the sample. A model analysis
must be performed. Direct inversion of ¥ and A is only possible in very simple cases of
isotropic, homogeneous and infinitely thick films. In all other cases, a layer model must be
established, which considers the optical constants (refractive index or dielectric function tensor)
and thickness parameters of all individual layers of the sample including the correct layer
sequence. Using an iterative procedure (least-squares minimization) unknown optical constants
and/or thickness parameters are varied, and ¥ and A values are calculated using the Fresnel
equations. The calculated ¥ and A values which match the experimental data best provide
the optical constants and thickness parameters of the sample.

The more common procedure used to deduce material properties from ellipsometry mea-
surements follows the flow chart in Figure I11.2.9. Regression analysis is required because an
exact equation cannot be written. Often the answer is over-determined with hundreds of ex-
perimental data points for a few unknowns. Regression analysis allows all of the measured data
to be included when determining the solution.

Data analysis proceeds as follows: After a sample is measured, a model is constructed
to describe the sample. The model is used to calculate the predicted response from Fresnel’s
equations which describe each material with thickness and optical constants. If these values are
not known, an estimate is given for the purpose of the preliminary calculation. The calculated
values are compared to experimental data. Any unknown material properties can then be
varied to improve the match between experiment and calculation. The number of unknown
properties should not exceed the amount of information contained in the experimental data.
For example, a single-wavelength ellipsometer produces two data points (W,A) which allows
a maximum of two material properties to be determined. Finding the best match between
the model and the experiment is typically achieved through regression. An estimator, like the
Mean Squared Error (MSE), is used to quantify the difference between curves. The unknown
parameters are allowed to vary until the minimum MSE is reached.
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Optical constants measurements The optical constants define how light interacts with

a material. The complex refractive index is a representation of the optical constants of a
material, it is represented by

n=mn+1ik. (I11.2.4)

The real part or index of refraction, n, defines the phase velocity of light in material:

V==, (111.2.5)

n

where v is the speed of light in the material and c is the speed of light in vacuum. The
imaginary part or extinction coefficient, k, determines how fast the amplitude of the wave
decreases. The extinction coefficient is directly related to the absorption of a material and is
related to the absorption coefficient by:

o= (1T1.2.6)

where « is the absorption coefficient and A is the wavelength of light.

Thickness measurements are not independent of the optical constants. The film thickness
affects the path length of light traveling through the film, but the index determines the light
waves’ velocity and refracted angle. Thus, both contribute to the delay between surface reflec-
tion and light traveling through the film. Both n and k must be known or determined along
with the thickness to get the correct results from an optical measurement.

The optical constants for a material will vary for different wavelengths and must be de-
scribed at all wavelengths probed with the ellipsometer. A table of optical constants can be
used to predict the material’s response at each wavelength. However, it is not very convenient
to adjust unknown optical constants on a wavelength-by-wavelength basis. It is more advanta-
geous to use all wavelengths simultaneously. A dispersion relationship often solves this problem,
by describing the optical constant shape versus wavelength. The adjustable parameters of the
dispersion relationship allow the overall optical constant shape to match the experimental re-
sults. Compared to fitting individual n, k values at every wavelength, this greatly reduces the
number of unknown “free” parameters.
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For transparent materials, the index is often described using the Cauchy or Sellmeier rela-
tionship. The Cauchy relationship is typically given as:

n(\) = A+ fracBA* + fracC\* (I11.2.7)

where the three terms are adjusted to match the refractive index for the material. The
Cauchy is not constrained by KK consistency and can produce unphysical dispersion. The
Sellmeier relationship enforces Kramers-Kronig (KK) consistency, which ensures that the op-
tical dispersion retains a realistic shape. The Sellmeier relationship can be written as:

e1 = fracAN*\o? (I11.2.8)

Absorbing materials will often have a transparent wavelength region that can be modeled
with the Cauchy or Sellmeier. However, the absorbing region must account for both real and
imaginary optical constants. Many dispersion relationships use oscillator theory to describe
absorption for various materials. These include the Lorentz, Harmonic, and Gaussian oscilla-
tors. They all share similar attributes, where the absorption features are described with an
Amplitude, Broadening, and Center Energy (related to frequency of light). Kramers-Kronig
consistency is used to calculate the shape of the real component after the imaginary behavior
is described by the oscillator. An offset to the real component is added to account for extra
absorption outside the measured spectral region. The Lorentz oscillator can be written as:

AE,
E2—E? —iBE

€ =Eloffset T (II1.2.9)

where the parameters for Amplitude (A), Broadening (B), Center Energy (Ec), and offset (el,
off set) are also shown in Figure 13 for a typical Lorentz oscillator. The energy, E, is related
to the frequency of a wave, n:

., 1240

)\nm

E = hv (1T1.2.10)

where h is Planck’s constant and the wavelength, A, is given in nanometers. More advanced
dispersion models, like the Tauc-Lorentz and Cody-Lorentz, will include terms to describe the
bandgap energy.

The ellipsometer used to characterize the AIN films in this work is a M44 Variable Angle
Spectroscopic Ellipsometer (VASE) located at Norfolk State University.



139



140

Part IV

Energetic condensation of Nb Films
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This section is dedicated to the development of bulk-like Nb films engineered via energetic
condensation. The challenge in developing SRF thin films, made of niobium or alternative
materials, is to reproduce and go beyond the performance of bulk Nb. While tight correlation
with the characterization of real materials has yet to be described, there exists a theoreti-
cal framework describing the relevant material parameters of surfaces as they influence SRF
properties. Several material factors, highly dependent upon the surface creation conditions,
contribute to degraded SRF performance with respect to ideal surfaces. These limiting factors
such as intra-granular impurities and lattice defect density, inter-granular impurities and oxi-
dation, surface topography and chemistry, may lead to the reduction of the electron mean free
path, thus the reduction of the lower critical field Hy.

Thus, understanding of the film growth dynamics from nucleation to final exposed surface
is crucial. The defect density (which determines the electron mean free path) within the RF
penetration depth is certainly affected by intragrain contaminants incorporated during the final
stage film growth, but it is also strongly affected by the underlying crystal texture, which is in
turn developed from the initial film nucleation process, which necessarily is strongly influenced
by the substrate. The development of every stage can be expected to depend strongly on the
kinetic energy distribution of the impinging ions. Although the thickness corresponds to the
very top 40 nm of the Nb film, this final surface is dictated from its origin, i.e. the substrate,
the interface, and deposition technique (ion energy, substrate temperature ... ).

The growth of Nb films has been studied by exploring the parameter space of the ECR
plasma technique and the use of a selection of substrates of various natures form an ideal
surface to surfaces that can be implemented in an SRF cavity.



Chapter IV.1

Experimental Deposition Setup

In chapter 1.3, we have discussed the Nb/Cu technology has successfully been demonstrated
as a contender to bulk Nb technology. However, so far the SRF cavities based on Nb/cu
have displayed rapid degradation of their RF performance with increasing accelerating gra-
dients. It is believed that these limitations are inherent to the coating technique commonly
used. Magnetron sputtering is a coating method with some limitations when applied to cylin-
drical applications and when the coating temperature is limited. To overcome this, energetic
condensation via ECR is chosen in this work for the development of high quality Nb films.

IV.1.1 Deposition setup for ECR deposition

IV.1.1.1 ECR sample deposition system

An electron cyclotron resonance (ECR) plasma metal ion source is the ideal tool for direct
niobium thin film deposition with the flexibility to adjust the niobium ion deposition energy
[281]. Ultra-high vacuum and freedom from macro-particles are added advantages for this ion
source. The main advantages are the production of a high flux of singly charged ions with
controllable kinetic energy and the absence of macro-particle production.

To generate niobium metal ions inside a vacuum, a thermionic electron gun is used to create
a dense neutral niobium flux, and an ECR chamber is used to convert the passing neutral
niobium vapors to niobium plasma as shown in the illustration below. The ECR chamber is
made of a copper cylinder that is inserted into the two slightly separated copper coils. The
ECR chamber, copper coils and the electron gun sit in the vacuum chamber. When the cylinder
is connected to the RF source, an electric field is established perpendicular to the magnetic
field created by the copper coils. The niobium plasma is created when the electrons resonate
with the RF field. The niobium plasma has a static potential of 64V. Energetic niobium ions
are extracted to a biased substrate. Deposition energy is simply controlled by the substrate
bias voltage.

The ECR chamber is housed in a dumbbell style vacuum chamber with a 24” wheeler
flange sealed with a viton gasket. The pumping system consists of a cryopump CTI Cryo-
Torr 8 (40001/s) and an oil roughing pump (combined with a sieve trap to avoid roughing oil
back-streaming in the vacuum chamber). A 10” manual VAT Gate valve separates the main
chamber and the cryopump.

An SRS RGA -100 is mounted on one of the chamber port behind a 23/4” VAT gate valve.
The RGA is run on Faraday mode during plasma deposition. The vacuum is monitored by
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Figure IV.1.1: The ECR deposition system and inside the vacuum chamber

a Varian UHV-24 hot cathode ion gauge controlled by an SRS IGC-100 controller. A water-
cooled thickness monitor is mounted above the ECR chamber and monitors the neutral Nb
flux emitted from the e-beam gun.

A water-cooled 14kW Thermionics E-beam gun with a 40 cc crucible provides the neutral
vapor of Nb. Although it is common to use a crucible (typically graphite) liner with e-beam
guns, no liner is used in this system to avoid any carbon contamination of the films produced.
At 10kW of e-beam power, the evaporation rate for niobium can be as high as 150 A/s at a
12-inch distance. The Nb target is made of RRR Nb disks and replenished, for each deposition
run, with RRR Nb pellets. Both targets and pellets are chemically etched by buffer chemical
etching (BCP, a mixture of HNO3, HF and H3PO4) and then vacuum fired before being used
in the deposition system.

The e-beam gun high voltage supply is a 15 kV Universal Voltronics supply (BRC-15-
1111R-STD-J37). A Cu shield is strongly clamped to the e-beam gun (to benefit from its
water cooling) and to avoid system damage from any back-scattered electron beam. Since Nb
is a high-7Z material, when one applies a 10 kV electron beam to the Nb target, a back-scattered
beam of about 2.2 keV is emitted towards the back of the system.
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The electric field is supplied via a rectangular waveguide by a 2.45 GHz Richardson Elec-
tronics microwave generator (MH2.0W-S) which can provide 1.5 kW of total microwave power.
A simple ceramic window is installed to transfer the RF power inside the vacuum chamber to
the ECR chamber through a 90-degree waveguide. A taper couples the TE o mode in the rect-
angular waveguide to the TE;; circular mode. The size of the circular waveguide is carefully
adjusted so that the large area of RF electrical field is right in the path of the neutral niobium
flux. The forward and reflected powers are measured through a circulator by 2 USB Agilent
U2000 Power sensors. The magnetic field is established with 2 slightly separated coils powered
by a 2kA Sorensen DCR 4-800T and a PowerTen P66C-52000 current supplies in parallel. The
substrate holder is mounted at the end of the ECR chamber, out of the line of sight of the Nb
flux, so that the substrate can only collect ionized niobium.

The ECR conditions are established with a coil current of 1730 A (3V) and roughly 350W
of forwarded RF power. The power needed to produce enough Nb vapor to sustain the plasma
is in the range of 10kW. The base pressure of the ECR before coating with the samples a
temperature is in the range of 2x10~® Torr. Before deposition, the Nb target is conditioned a
low filament emission current (<200 mA). The samples are baked at temperature for 24 hours
before coating.

IV.1.1.2 Sample holders

Two sample holders have been used for this work. Before and during deposition, the substrate
heating temperature can be regulated from room temperature to 700 °C.

Multi-bias holder

A multi-bias sample holder made of OFHC CU was built in order to perform simultaneous
deposition at various bias voltages. It has 8 bias seats insulated from the heater holder and
holding flange. On each seat, a selection of substrates can be mounted as shown on figure IV.1.2.

The heater is a 50 mm (2”) Momentive”™ pyrolitic boron nitride (BN) resistive heater
(resistance 19 ) controlled by a Watlow DCA SCR and a Fuji Electrics PXG-9 temperature
controller and embedded in the sample holder. The temperature is controlled by an ARI
Industries thermocouple placed just underneath the sample holder surface, electrically insulated
from the sample holder.

The dc bias voltage is provided through a 5 kV feed-through by a chain of diodes powered
by an Advanced Energy MDX-1K DC power supply (1000 V). The bias for each seat can be
chosen from 0 to -360 V by increments of -30 V.

Single-bias holder

To enable the coating of larger sample sizes () 50 mm/2”) required for RF measurements, a
single bias holder (see figure IV.1.2, right) is used.

This holder is also made of OFHC Cu with an embedded coiled heater. The heater is
a resistive heater (resistance 35 Q) and a thermocouple mounted just underneath the holder
surface, both from ARI Industries”’™. Both the heater and thermocouple are insulated in a
316LN stainless steel sheath filled with MgO.

The DC bias voltage is provided through a 500 V feed-through powered by a 2 kV
Spellman SL600 power supply.
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Figure IV.1.2: sample holders for in-situ multi-bias coating loaded with Cu and (1120) a-AlyO3
samples prior coating (left) and single bias coating loaded with two 5 cm (2”) @ Cu and (1120)
substrates and a selection of small witness samples, after coating.

IV.1.2 Substrates

IV.1.2.1 substrate choice

ECR Nb films are grown on two categories of substrates, insulating and metallic. Although
insulating substrates may not be practical as such, they offer valuable insight on the growth
modes of Nb thin films on “ideal surfaces” with minimum lattice mismatch and very low rough-
ness (crystalline substrates such as a-AloO3 (1120) or on amorphous substrates with increased
roughness and no long-range order (AlyOs ceramic or fused silica). For example, a-plane sap-
phire is suitable as a substrate is due to the low lattice mismatch (71.9-12%) and comparable
rates of thermal expansion. This makes it a suitable proving ground for niobium thin film
studies. The second category of substrates is metallic, Cu, substrates, single crystals, large
grain and fine grain OFHC (oxide-free copper). Such studies open the door to subsequent op-
portunities to tailor the film nucleation by engineering its interface with a practical substrate.

IV.1.2.2 Substrate Surface Preparation

As seen in chapter II.1, in many cases, thin films replicate the substrate morphology and
impurities residing at the interface can detrimentally influence the properties of a film. It is
then crucial to carefully prepare the substrate surface before deposition. This section presents
the procedures used for the different types of substrates used in this work.

Metallic substrates

Cu substrates, for samples or cavities, need a particular attention to surface treatment. It has
been shown previously that a reduction in roughness allows for a consistent reduction in film
defect density and an improvement in SRF cavity performance [4, 93]. The typical Cu surface
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SUBSTRATES

Table IV.1.1: Substrates used for ECR Nb coating

Substrates used for hetero-epitary studies

Ra

Substrates used for fiber growth studies

Ra [nm]|
[nm]
Cu Large OFHC Cu (Hitachi), Cu Large OFHC Cu
. <10 | heated in-situ above 360 . <10 (Hitachi), baking
grain grain
°C , . <200 °C
OFHC Cu (Hitachi), OFHC Cu
Cu fine grain <10 heated in-situ above 360 | Cu fine grain <10 (Hitachi), baking
°C ALO < 200 °C
Cu (100) 3 +2° MTT corp. 23 10 MTI corp.
ceramic
Cu (110) 3 +2° MTT corp. Fused silica 0.5 MTTI corp.
Cu (111) 3 +2° MTI corp.
Oé—AlQOg °
(1120) 0.5 +0.5°, Insaco
Oé—AlQOg °
CY—AIgOg °
(0001) 0.5 +0.5°, Insaco
MgO (100) 0.1 +0.5°, MTT corp.
MgO (110) 0.1 +0.5°, MT1T corp.
MgO (111) 0,15 | £0.5°, MTTI corp.

preparation implemented at CERN for the 1.5 GHz cavities mentioned in chapter 1.3 consists
in the following sequence of processes:

Stripping from the previous coating

5 hours of electropolishing

10 minutes of chemical etching with SUBU (sulfamic acid (H3NO3S, 5 g/1), hydrogen

peroxide (H202, 5% vol), n-butanol (5% vol) and ammonium citrate (1g/1))

10 minutes of passivation with sulfamic acid

High Pressure Water Rinsing (HPWR) for 1 hour at 100 bar

The Cu substrates used for the present work, were prepared with the following sequence of
process steps aiming at reproducing what the process for a cavity would be:

e Mechanical polishing to a mirror finish

e Light electropolishing

e Heat treatment (for large grain Cu only)

e Light electropolishing

e Sulfamic acid rinse

e De-ionized water rinse

e Methanol bath rinse

e Ny drying
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Mechanical polishing In order to minimize the roughness of fine and large grains samples,
polycrystalline cu substrates are mechanically polished with a Buehler EcoMet - Automet
polisher with a succession of grits and suspended solutions from 125 pm to 50 nm. The final
roughness is about 10 nm RMS. The single crystal substrates are polished by the manufacturer
to an average RMS roughness of 5 nm.

Heat treatment To produce large grain Cu samples, OFHC Cu pieces are heat treated
up to 1035 °C for 30 minutes in a vacuum furnace after mechanical polishing and a light
electropolishing. This process produces Cu samples with mm-size crystallites and releases any
intrinsic strain from the Cu sheet fabrication and the mechanical polishing processes.

Electropolishing The Cu samples are electropolished in a 55% phosphoric acid (H3POy4) and
45% n-butanol electrolyte with a 50 mA /cm? current density. The surface is then passivated
in a sulfamic acid solution (20g/1) for 10 minutes and rinsed in DI water. The samples are then
ringed in a methanol bath and finally dried with an anti-static No gun.

The role of electropolishing is here only to remove embedded residues from mechanical
polishing or impurities on the substrate surface after heat treatment. So the process is typically
very short, just long enough to remove a couple of microns, so as not to lose the benefit
from mechanical polishing. The electropolishing process used here seems adequate for sample
studies but presents latitude for improvement. It would need development to be optimized for
application to SRF cavities.

Figure IV.1.3 and figure IV.1.4 show the EBSD IPF color maps and corresponding AFM
scans for the process steps mentioned above. Although mechanical polishing provides smooth
mirror surfaces, the mechanical damage induced by the process destroys the structure of the
surface. Due to the absence of long range crystallinity, no Kikuchi (k-) patterns can be resolved
with EBSD. Thus electropolishing is a necessary step before deposition. Heat treatment at 1000
°C fully recrystallizes the Cu surface releasing any strain due to the metal sheet fabrication
and grows crystallites to mm-sizes. However, it also increases considerably the roughness due
to Ostwald ripening [282]|. After heat treatment, another electropolishing step is required to
recover the smoothness but also to rid the surface of contamination , such as alumina and W
particulates, originating from the furnace.

IV.1.2.3 Insulator substrates

The insulating substrates, single crystal or ceramic, are prepared following UHV practices.
They are cleaned in a flammable-rated ultrasonic bath with subsequent acetone, iso-propyl
and methanol baths and finally dried with an anti-static No gun before being mounted on the
sample holder.
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Figure IV.1.3: EBSD IPF color maps for a Cu substrate after each process step: (a) mechan-
ical polishing, (b) electropolishing, (c¢) heat treatment and (d) electropolishing following heat
treatment.
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Figure IV.1.4: AFM 50 pum x 50 um scans for a Cu sample after each process step, corresponding

to Figure TV.1.3




Chapter 1V.2

Influence of the deposition parameters
on ECR Nb film properties

IV.2.1 Nb films on insulating substrates

IV.2.1.1 Nb films on a-Al,Oj3 single crystals and Al,Ojceramic

Single crystal sapphire has an hezagonal crystal structure, a-AlsOs. Figure IV.2.1 shows the
Nb hetero-epitaxial directions for Nb grown on different planes of sapphire (AloO3) as proposed
by Wildes et al. [174].

Figure IV.2.1: Hetero-epitaxial relationships between Nb and the different sapphire planes
(Al2O3) [174]

Lattice mismatch (i.e. the difference in the atom arrangement and spacing between the
film and substrate materials) and difference in thermal expansion rate induce strain and stress
during film growth. For a-AlsOs, the lattice mismatch varies from ~1.9 % for the a-plane
Al,O3 (1120) to 12% for the c-plane AlyO3 (0001). The low lattice mismatch (71.9-12%)
and comparable rates of thermal expansion makes this material a suitable proving ground for
niobium thin film studies.

Structure analysis

The crystallographic quality of the substrate is of primary importance. Figure 1V.2.2 represents
the Inverse Pole Figure (IPF) orientation map (with the associated color-mapped IPF for
reference) for two Nb films grown simultaneously on single crystal sapphire (1120) and on
ceramic alumina (quasi-amorphous). These substrates with the same material contribution but
different crystallographic structure induced the growth of drastically different film structures.
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In the case of single crystal AloO3 (1120), the substrate drives the growth of the Nb film
resulting in an hetero-epitaxial Nb single crystal. In the case of AloOg ceramic, the interface
is amorphous as revealed in the FIB-cut TEM cross-section in figure IV.2.3. The resulting Nb
film is polycrystalline with fiber structure as revealed by the associated pole figure. It exhibits
then equi-axial grains with sizes ranging from 100 nm to 1 um. By contrast, the film grown on
Al;O3 (1120) exhibits a continuous crystalline interface (figure IV.2.4). RHEED analyses done
by our collaborators at the College William & Mary show that the Nb film grown on AlsO3
(1120) actually nucleates with an hcp structure and transitions, across roughly 2-3 nm, to a
strained and then relaxed (with subsequent growth) cubic bee structure [283].

ECR Nb films
Coated
simultaneously

Figure IV.2.2: EBSD IPF color maps (top) for ECR Nb films coated simultaneously at -120 V
bias and 360 °C on sapphire (a) and alumina ceramic (b).

Al203 ceramic

Nb 4
Vo

121002AMV3.004.£it — 121002AMV3.005.6if

Print Mag: 29500x @ 7.0 in 500 nm Print Mag: 3900000x @7.0 in 3 om

14:3510-10-12 HV=200.0kV 14:38 10-10-/12 HV=200.0kV

TEM Mode: Imaging Direct Mag: 5000x TEM Mode: Tmaging Direct Mag: 700000x
X ¥: T: Xi¥i T:

AIF &IF

Figure IV.2.3: FIB-cut TEM cross section of the alumina ceramic film from figure [V.2.2
displaying the fiber nature of the film. The high resolution micrograph on the right reveals the
amorphous nature of the interface.
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Figure IV.2.4: TEM micrograph of an Nb film grown on AlyO3 (1120). The associated diffrac-
tion patterns are from left to right for the sapphire substrate, the film-substrate interface and
the Nb film.

The topography of the film follows closely the topography of the substrates. Figure 1V.2.5
below presents the topographic scans obtained by atomic force microscopy (AFM) for the films
represented above. The film average roughness R, is 3.9 nm and 21 nm for sapphire and

alumina ceramic respectively. The respective substrate average roughness is typically 0.5 nm
and 10 nm for AlyO3 (1120) and AlyO3 ceramic.
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Figure IV.2.5: AFM 10 pm x 10 pm scans for Nb films coated on (a) single crystal AlaO3
(1120) and (b) Al,O3 ceramic.

The orientation of the films can be tuned as a function of deposition rate, incident ion
energy and substrate temperature during coating [221, 284]. Our experiments discovered that
the single-crystal-like Nb on AloO3 (0001) films have different epitaxial relationships, depending
on bias. For example, for films deposited at 360 °C, above an incident ion energy of 154 eV (-90
V bias), the Nb film orientation switches from (111) to (110) on (0001) Al,O3 (Fig. IV.2.6).
This was previously observed for MBE (molecular beam epitaxy) Nb films coated at 900 °C
and 1100 °C [285].
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Figure IV.2.6: EBSD survey of two Nb/ Al,O3 (0001) samples coated at 360 °C/360 °C with
respective ion energy of (a) 64 eV and (b) 214 eV.
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Effect of thermal conditions and film thickness

Once the Nb template has been formed, the film grows homo-epitaxially. Stemming from the
two possible epitaxial orientations on AloOg3 (1120) single crystal, biaxial anisotropy is observed
for thicknesses up to a few 100 seconds of nm while uniaxial anisotropy is observed for thicker
films where one crystalline domain grows preferentially. On figure IV.2.7, the film on the left
is only 230 nm thick where the film on the far right is 2 ym thick.
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Figure IV.2.7: Structure evolution of Nb films deposited on AloO3 (1120) as a function of
thickness represented by XRD pole figures, [110] axis.

Thermal energy is necessary during deposition. For films on insulators, the higher the
substrate temperature during coating, typically the higher the quality of the film. The next
section will show that Nb films grown on substrates which have been pre-treated in situ at high
temperature are typically of higher quality (better crystallinity, higher RRR) due to impurities
desorption and defect annihilation with recrystallization

Tunable RRR towards Tunable RF Performance

As mentioned before, one useful tool to assess the quality of a film is the residual resistivity ratio
(RRR). It is a direct measure of the mean free path and quality of the film that is affected by
any present scattering center. Unprecedented RRR values, although they may not be required
for SRF thin films, have been measured on a variety of substrates.

With the variation of the incident ion energy, the substrate nature, preparation and tem-
perature (figure IV.2.8 and table IV.2.1), the Nb films’ RRR can be tailored from low values
(77) to high RRR values (500).

Table IV.2.1: RRR for Nb grown on (1120) sapphire (bias voltage= -120V, 184 €V) versus bake
and coating temperatures

Coating Temperature

Bake Temperature[°C] Bias[-V] RRR

[*C]
360 360 120 180
360 500 120 189
500 360 120 348
700 360 120 348

500 500 120 488
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Figure IV.2.8: RRR of ECR Nb films grown on (1120) Al,O3 samples baked and coated at 360
°C as a function of bias voltage.

Figure IV.2.9: Variation of RRR as a function of bake-out and coating temperatures for an ion
incident energy of 184 eV

Impurities

Hydrogen is often identified as a potential source for RF losses in SRF cavities. As seen in
chapter 1.2, Heat treatment processes to outgas hydrogen concentrations from bulk Nb are
part of SRF cavities preparation standard procedures. In the ECR coating system, potential
sources are the residual hydrogen in the chamber and hydrogen trapped in the e-beam gun Nb
target. SIMS depth profiles were therefore performed on ECR Nb films using Oo™ and Cs™
primary ion beams. The typical experimental parameters for O™ primary beam were 5.5 keV
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Figure TV.2.10: SIMS depth profile for a Nb film deposited on AloO3 (1120) compared to STMS
standard for bulk Nb.

impact energy, 200 nA into 220 pm x 220 pm raster with detected area of 60 pum diameter
and for Cs™ 14.5 keV impact energy, 20 nA into 110 pm x 110 pm raster with detected
area of 30 ym diameter. Analyses for H, C, O, N were made under conditions optimized to
reduce background contributions: samples pumped for extended period, use of liquid nitrogen
cryopanel, and analysis chamber pressure at about 2x107!'° Torr. Typical SIMS CsT beam
depth profiles for a Nb film deposited on (1120) AlyOg3 is displayed in figure IV.2.10 along
with a SIMS standard measurement on a bulk Nb reference sample. Even though H and D
are extremely mobile in Nb, it is possible to compare the levels between the Nb layers and the
bulk Nb sample. H had been shown to be at high levels that could be reduced with certain
heat treatments in an earlier study of bulk Nb [287] and was of particular interest in this
measurement. The hydrogen content of ECR Nb films is found to be four orders of magnitude
lower than for the standard bulk Nb material. The H levels in the film are significantly lower
than that obtained for any of the bulk Nb samples measured to date, even those that have
had substantial additional heat treatments [288, 289|. For C, N, and O, the results for the Nb
films showed more C, less N and similar O levels compared with the implanted large grain Nb
sample. The Nb film shows a decrease of O with depth that has not been observed for the bulk
Nb samples. The secondary ion yield for N~ is too low to measure, therefore the molecular ion
NbN™ was used to monitor this element. Similar results were achieved for Nb films deposited
on MgO (100) substrates.

Impurities on the substrate surface will drift into the film and up to the surface, often
revealed by blemishes on the film surface after coating and affecting the final properties of the
film. For example two ECR films grown on two MgO (100) substrates side by side varied in
RRR from 348 to 156. SIMS measurement conducted in a similar manner revealed that the H
signal was two orders of magnitude higher for the film with the lower RRR.

Energy dependence of RRR

Figure IV.2.11 below presents the RRR values for films coated at 360 °C with various bias
voltages on both single crystal sapphire (1120) and alumina ceramic. The influence of ion
energy on the film quality appears less significant for the ceramic substrate than in the case of
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the crystalline substrate due to the contribution of the increased roughness and high disorder
of the substrate surface.
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Figure IV.2.11: RRR for Nb films coated on AlyO3 (1120) single crystal and AlyOgceramic
substrates at 360 °C
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Figure 1V.2.12: RRR versus bias voltage for Nb films on AlyOsceramic substrates coated
at constant ion energy for different temperatures (black and red) and nucleated at different
energies with a subsequent growth at 64 eV (blue)

Figure 1IV.2.12 displays the RRR versus applied bias voltage for Nb films deposited si-
multaneously on alumina ceramic. Three series of films are represented. The first two series
were continuously deposited with applied bias respectively at 360 ° C and 500 ° C. The series
grown with the higher substrate temperature leads to higher RRR value. This suggests that
the added thermal energy provides better mobility of the deposited Nb atoms allowing them
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to arrange themselves in position minimizing the energy of the system. The third series have
been deposited with dual energy, i.e. a bias was applied during nucleation and early growth.
The bias voltage was then turned off to allow subsequent growth at 64 eV. The resulting RRR
are equivalent or higher than for the film coated continuously at higher energy and higher
temperature. This gives indications that once an adequate template on the substrate has been
created, higher film quality can be achieved with subsequent growth at energies that promote
epitaxy and fewer defects [160, 6]. This is observed for almost all the substrate natures.

In order to determine the evolution of RRR as a function of the substrate orientation Nb
(100), (110) and (111) films were coated simultaneously on single crystal sapphire substrates of
(1120), (1120), (0001) orientations as well as on alumina ceramic (polycrystalline fiber growth)
after heat treatment for 24 hours at 500 °C to anneal and desorb species from the substrate
surface. The film nucleation and early growth occurred at 360 °C with various ion energies.
Subsequent growth was then performed at 360 °C for 25 minutes with 64 eV ion energy. A
second 64 eV coating step of 30 minutes was done the next day after 12 hours interruption with
the samples remaining at 360 °C. Nb (100) grows on (1120) AloO3 and displays systematically
higher RRR values than Nb (110) and Nb (111) films. The increase of RRR above 150V bias
observed for Nb films deposited on (0001) marks the transition in Nb structure from (111) to
(110).
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Figure IV.2.13: RRR and T, versus bias for Nb films deposited on sapphire and alumina
substrates

Surface resistance for Nb/ Al,03(1120)

ECR Nb films were also deposited on 50 mm single crystal sapphire, AloO3(1120) with a 0.5°
miscut for RF measurement in the 7.5 GHz sapphire-loaded TEgj; cavity. Figure 1V.2.14
plots the surface resistance as a function of temperature for two ECR Nb films compared to
a large grain bulk Nb sample. As for the RRR results discussed above, on can note that the
film grown with high ion energy for nucleation and then low energy for the subsequent growth
at 360 °C as a very similar behavior to the film grown with constant energy (-120 V bias) at
higher temperature (500 °C). This suggests again that the coating parameters can be tuned
to perform the Nb film deposition in more favorable conditions, i.e. lower temperature, while
maintaining the final RF performance.
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Figure IV.2.14: Surface resistance versus temperature of ECR Nb films deposited on single
crystal Al;O3 (1120)

IV.2.1.2 Nb on MgO substrates

MgO (100), (110) and (111) single crystals were also used as substrates. Similar results were
achieved for all orientations within the variations due to epitaxial relationships and lattice
mismatch. The results on MgO (100) are reported below. According to Hutchinson et al
[176, 178, 290], epitaxial growth of Nb on MgO (100) has three possible orientations: O, O,,
and F. The strict relationships are presented by Miller indexes and illustrated in figure 1V.2.15.
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Figure IV.2.15: Three-dimensional epitaxy relationship of Nb/MgO (100), as proposed by
Hutchinson et al. [290]
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In this study, only the F-type orientation has been observed. At high bias voltage (-120V
T -200V), Nb {110} films exhibit single crystal behavior.
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Figure IV.2.16: XRD and EBSD IPF Maps for Nb deposited on MgO(100)

The TEM cross-section for a typical ECR Nb (110)/MgO (100) is reported in figure IV.2.17.
The detail of the interface and the associated selected area diffraction (SAD) patterns show
that, in this case also, the films exhibit the single-crystal-like structure and the interface be-
tween film and substrate is continuously crystalline and has a well-defined orientation relation-
ship.

MgO substrate

(220)
.

. (200)
.

.

Figure IV.2.17: TEM micrograph of an Nb film and its interface with the MgO (100) substrate.
The associated selected area diffraction (SAD) patterns are for, from left to right, the Nb film,
the Nb/MgO interface and the MgO substrate.

At constant coating temperature, the quality of the Nb films grown on MgO (100) increases
with the incident ion energy. The orientation of ECR Nb films on MgO (100) is (110). Some
collaborators have observed the O relationship Nb (100) on MgO (100) [105] in certain condi-
tions by vacuum arc deposition and fast magnetron sputtering, exhibiting very high RRR, but



IV.2.1.3 - Nb on amorphous substrate: fused silica 161

this has never been observed with ECR films.
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Figure IV.2.18: Variation of RRR as a function of bias voltage for films coated at 360 °C on
MgO (100).

IV.2.1.3 Nb on amorphous substrate: fused silica

Single crystal substrates such as a-AlyO3 or MgO drive the growth of Nb film hetero-epitaxially
across most of the range of temperatures and ion energy. It is useful to investigate the growth
of Nb in conditions where it is not driven by the crystalline orientation of the substrate. At
this effect, films have also been grown on fused silica as it is a fully amorphous material but
it retains minimum roughness. Figure IV.2.19 represents the EBSD survey (top) and 10 pum x
10 pm AFM scan (bottom) of Nb on fused silica films coated at —120 bias and 360 °C after a
bake-out at 360°C. R, for this film is 4.9 nm.

RRR values versus deposition bias voltage for ECR Nb films grown on fused silica (the
substrate bake-out and coating are 360 °C) are reported in figure I1V.2.20. The variation as a
function of applied bias voltage is much more modest in this case, most likely due to density
of grain boundaries. It is worth noting that, even for this type of columnar fibrous films, the
RRR is higher than 20 over a large range of ion energy.
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Figure IV.2.19: EBSD map (left) and AFM 10 pum x 10 pm scan (right) of an ECR Nb film
deposited on fused silica with a -120 V bias at 360 °C.
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Figure IV.2.20: RRR versus bias voltage for Nb films coated on fused silica at 360 “C
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IV.2.2 Nb films on metallic substrates

Adequate substrates for SRF cavities need to be easily formable and have good thermal conduc-
tivity to quickly remove any heat generated by potential defects on the surface. Metals such as
Cu or Al present themselves as good canditates. As seen in chapter 1.3, Nb/Cu technology has
already demonstrated to be a route worth pursuing for SRF cavities. Although Al is a material
of great interest as a substrate for SRF cavities due to its low cost, thermal conductivity and
castability which could potentially allow to completely separate x from the final SRF surface,
this study only considered the growth on Nb on Cu.

Structure analysis as a function of substrates and thermal conditions

As in the case of crystalline insulating substrates, with higher energy and/or temperature as
provided in deposition by electron cyclotron resonance, Nb adatoms have enough energy to
diffuse on the surface and hetero-epitaxy is favored on crystalline Cu substrates. Fig. 1V.2.21
represents KBSD maps for Nb films grown simultaneously on various Cu substrates at 360 °C
and with a bias of -150V (214 eV). Heat treating the substrates prior to coating at 360 °C
allows the complete dissolution of the native Cu oxide layer into the bulk without suffering
from roughening due to Ostwald ripening occurring for Cu at temperatures higher than 400
°C [291]. ECR Nb films (figure IV.2.21 a, b, c¢) grow on single crystal Cu (100), (110) and
(111) respecting the hetero-epitaxial relationships for Nb and Cu [180]. On polycrystalline
Cu substrates (figure IV.2.21 d, e), the Nb films replicate the grain size of the underlying
substrates. The RRR values for these given films are reported in table 1V.2.2

!I

Figure IV.2.21: EBSD maps of Nb films grown on Cu (a, b, ¢) single crystal (100), (110), (111),
polycrystalline (c) large grains and (d) fine grains simultaneously.

HR-TEM cross-sections of Nb films grown hetero-epitaxially on polycrystalline Cu sub-
strates show sharp interfaces between the Nb film and Cu substrate. The film presented in
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Table IV.2.2: RRR for ECR Nb films from figure IV.2.21 (ion energy =-214 eV, 360 °C, 360
°C) versus Cu substrate nature.

Cu Substrate RRR
(100) 89
(110) 77
(111) 249
Polycrystalline large grains 170
Polycrystalline fine grains 82

Diffraction Pattern Surface

Figure 1V.2.22: TEM cross-section of Nb film grown on polycrystalline Cu with details of the
surface oxide and the interface with the substrate.

figure 1V.2.22 was deposited at 184 eV and 360 °C. Although the film is very thin, only 250 nm
thick, the RRR measured was 120. As a comparison, the reported RRR for 1.5 yum magnetron
sputtered films in the framework of the 1.5 GHZ Nb/Cu studies at CERN, was 40. Thus
the ECR Nb film show enhanced film qualities compare to films deposited with conventional
techniques.

The figure IV.2.23 represents EBSD maps for ECR films coated at 360 °C for bias voltages
of -120 V and 0 V corresponding to incident ion energies of 184 eV and 64 eV. For higher
ion energy, the film grows in the ab-normal mode [172] (a) and the grain size is considerably
enlarged.

The presence of an oxide on the surface, common with metallic substrates, inhibits epitaxy
and leads to fiber growth. Figure 1V.2.24 displays the EBSD IPF maps and STEM micrographs
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Figure IV.2.23: EBSD maps of Nb films grown on heat treated Cu with a bias voltage of (a)
-120 V and (b) 0 V.

for films nucleated at 184 eV (-120 V) on polycrystalline Cu (left, substrate heat treated to
500 °C prior coating) and on the native amorphous Cu oxide (right, substrate heat treated to
200 °C). One should note the difference in scale (3 mm versus 3 ym) for the EBSD maps. The
film grown on a crystalline interface shows hetero-epitaxy with a grain structure duplicating
the substrate structure. The interface is continuously crystalline . The film grown on Cu oxide
exhibit a grain size of the order of 1 um or less with a preferential (110) orientation.

It is found that thermal energy is necessary during deposition. However for Nb on Cu,
dependent of ion energy, there is a thermal threshold. Nb delaminates when coated at high
energies and high substrate temperatures. With a substrate at 500 ° C, delamination occurs
for ion energies higher than 90 eV. At 360 ° C, ion energies up to 360 eV form films without
delamination. This shows how the intrinsic stress threshold evolves with incident ion energy
and substrate temperature.

IV.2.2.1 1Influence of substrate quality

Any defect (scratch, pin-hole) is duplicated and enhanced in the film as it grows. Fig-
ure IV.2.25¢ shows transmission electron (TEM) micrographs from a focused ion beam (FIB)
cut sample of an ECR Nb film grown on polycrystalline Cu. The presence of a void in the Cu
substrate near the surface induced surface defects which resulted in ab-normal growth revealed
by the presence of columnar grains in between very large grains on each side.
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Nb on crystalline Cu substrate

Figure 1V.2.24: Structure and interface comparison for Nb films grown on a crystalline Cu
surface and on an amorphous Cu oxide surface.
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Figure IV.2.25: (a), SEM micrograph of an ECR Nb/Cu film at the location of FIB cut (b)
FIB cross section revealing a void in the Cu substrate near the surface, (¢) TEM cross section
in dark field revealing the resulting ab-normal growth in the Nb film.
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IV.2.2.2 Energy dependence of RRR

Figure IV.2.26 gives the variation of RRR as a function of incident ion energy for films deposited
on the 3 different single crystal Cu planes as well as on polycrystalline large and fine grains cu
substrates. Even though, the quality of the film is highly dependent on the vacuum conditions,
substrate stress, cleanliness, one can distinguish a trend of increased quality and RRR value
for increasing energy up to a an optimum for the different orientations of Cu. This is also
observed for polycrystalline fine grain Cu substrates. The RRR of Nb (100) films on Cu (110)
are almost systematically higher than for Nb (110) and (111). As it was reported in section
IV.2.1, the same phenomenon also occurs for Nb (100) films deposited on AloO3 (1120).
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Figure 1V.2.26: Variation of RRR as a function of bias voltage for Cu single crystal and
polycrystalline substrates
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IV.2.2.3 DOS gap analysis

As seen in chapter 1.1, viable SRF material for Gap measurement were performed on a series
of Nb on Cu films by Point Contact Tunneling (PCT) spectroscopy [250] on ECR Nb films
deposited on large grain Cu substrates at different temperatures. Hetero-epitaxial films have
a superconducting gap similar to bulk Nb (A=1.61-1.56 meV, figure [V.2.27) where fiber films
grown on the native Cu oxide have a superconducting gap of 1.3 meV.
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Figure IV.2.27: Superconducting gap measurement for a hetero-epitaxial polycrystalline Nb/Cu
film (RRR=289)

Figure IV.2.28 shows the PCT gap measurement results for a film grown continuously with
an ion energy of 184 eV and for a film grown at 184 eV for the nucleation and coalescence
phases followed by subsequent growth at 64 €V in two steps (i.e. the growth of the film was
interrupted for a few hours at temperature). It is interesting to note that for the thicker film
grown with dual energy and in two steps, two gap values are measured: one similar to the
other hetero-epitaxial films and the other one similar to fiber films. The TEM cross-section
observations of such film did not reveal any notifiable change in structure or any interface
within the film thickness. The change in gap could be due to the residual vacuum species, such
as O and H, absorption after the first part of the film growth.
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Figure IV.2.28: Superconducting gap measurement for hetero-epitaxial polycrystalline Nb/Cu
films coated at 184 €V for the entire film growth (RRR=182) (left) and for the nucleation and
coalescence phase followed by subsequent growth at 64 eV (RRR=305) (right).

IV.2.2.4 Surface resistance at 7.5 GHz

A series of 50 mm disk samples dedicated to RF measurements have also been produced to be
investigated with the 7.5 GHz TEq1; sapphire loaded cavity (SIC) setup. Even though, the RF
measurements need to be refined, some trend seems to emerge.



170 NB FILMS ON METALLIC SUBSTRATES

Effect of deposition ion energy

Figure TV.2.29 displays the surface resistance (Rg) versus temperature for films coated with ion
energies from 64 eV (no bias) to 264 eV (-200 V bias) revealing a trend of the surface resistance
decreasing with increasing ion energy. One can note that for the highest incident ion energy
(264 eV), although below 4 K, the residual resistance is still higher than for bulk Nb, above 4
K the measured resistance is similar to bulk Nb.
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Figure IV.2.29: Surface resistance measurements for a series of ECR Nb films coated on Cu at
360 ° C and at various bias voltages.

Nucleating the film with high energy ions initially and then lowering the ion energy for the
subsequent film growth by opposition to keeping the ion energy constantly high over the whole
film growth seems also to have some effect on the RF performance. Figures IV.2.30 display
Rs curves as a function of temperature for films deposited with a constant ion energy of 184
eV (-120 V bias), 244 eV (-180 V bias) and 124 €V (-60 V). The second set of curves (stars)
represents the surface resistance for films deposited at high energy for the initial nucleation
and coalescence and then switched down to 64 €V (no bias applied) for subsequent film growth.
One can notice a surface resistance decrease for the films coated with dual ion energy by
comparison with films grown at constant high ion energy. Once an appropriate template has
been deposited, a lower ion energy favors a film growth with less defects.
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Figure IV.2.30: Surface resistance measurements for ECR Nb films coated with constant or
dual ion energy during film growth.
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Influence of grain boundaries on Rs

Grain boundaries have often been in the past designated culprate contributors to RF losses in
SRF cavities, in particular for Nb/Cu cavities. Figure IV.2.31 shows the Rs curves for two ECR
Nb films deposited simultaneously on A1203 (1120) and on heat treated large grain OFHC Cu
substrates. The resulting films are respectively (110) single crystal and polycrystalline. One
can notice that the RF behavior of these too films are almost identical. This suggests that the
presence of grain boundaries if dense is not necessarily detrimental to RF performance.
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Figure IV.2.31: Surface resistance of single crystal versus large grain Nb films coated simulta-
neously,bake and coating at 360 °C

I1v.2.2.5 Conformality of the ECR deposition process

Nb films coated on SRF cavities coated with cylindrical magnetron sputtering have issues of
shadowing and porosity due to adatom incidence angle being smaller than normal incidence
away from the equator. Half-cells have been coated in the ECR chamber to test the conformality
of the ECR technique at 184 eV and 360 °C. Here, no particular precaution was taken to
optimize the surface on the half-cell. The surface was just roughly mechanically polish prior
deposition. Figure IV.2.32 shows the SEM cross-section of the equator and iris locations. The
Nb film looks uniform and conformal over the whole cell surface with a thickness variation from
4 pm at the equator to 6 pum at the iris. Although the film is quite thick and the substrate
roughness is high, no delamination has been observed.
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Figure IV.2.32: Cu half-cell coated in the ECR chamber (top) and cross-section of the film at
the iris (center) and the equator (bottom)



Chapter 1V.3

Summary

Results of this study are helpful to understand the growth of Nb under different conditions and
contribute to the determination of the optimum coating parameters for SRF surfaces based
on thick Nb films. Much more work is needed to optimize the film growth for ultimate RF
performance, but insight has been gained. The influence of the ion energy and temperature
on the structure of the film has been studied exploring the different regions of the Modified
Structure Zone Diagram proposed by Anders [6] both on “ideal” and practical surfaces, such
as Cu, for SRF cavities.

Single-crystal-like Nb films have been produced by ECR plasma deposition on a variety of
crystalline substrates, metallic and insulators. The films’ growth mechanism is hetero-epitaxy.
The orientations of the thin films depend strongly on the substrate crystal planes, as well as on
the bias voltage i.e. the kinetic energy of the incident Nb™ ions. This study reveals such epitax-
ial relationship as: Nb{100}||AloO3{(1120)}, Nb{110}||Al2O3{(1120)}, Nb{111}||Al,03{0001}
and Nb{110}||[MgO(100), Nb{110}||Cu {100}, Nb{100}||Cu {110}, Nb{110}||Cu {111}. The
minimum substrate heating temperature (about 360°C) to promote epitaxy via ECR coating
is moderate, roughly 0.237,, n5. The growth of Nb films on polycrystalline and amorphous
surfaces was also studied, revealing that, by tuning the ion energy and substrate temperature,
the structure of the film itself can be tuned. We have demonstrated that energetic condensa-
tion via ECR allows the Nb film to develop properties that, in a thermal environment, would
require substrate temperatures that approach melting, i.e. a so-called homologous temperature
of near unity. Good quality films can be produced at substrate temperatures practical for SRF
applications.

In the past, arguments that Nb films have an inherent limitation due to their low RRR
have been put forward. In this work, it was demonstrated that ECR Nb films RRR values can
be tuned from single digits to bulk-like values. Unprecedented RRR values(table IV.3.1) have
been measured on Nb films on a variety of substrates. The superconducting gap measurements
demonstrated that the ECR films gap is very similar to bulk Nb.

The RF performance of Nb films deposited on Cu and AlyO3 (1120) was measured in
a sapphire loaded T Eg11 cavity at 7.5 GHz. Although the interpretation of the RF results
is hindered by the limitation of the RF experimental system, some trends emerge. It was
shown that grain boundaries in high quality Nb films are not necessarily detrimental to RF
performance. Films deposited on re-crystallized polycrystalline Cu substrates have RRR values
as high as a single crystal-like Nb film and can have a similar RF behavior. We also learned
that treating the film growth in phases, nucleation/early growth and subsequent growth, can
be beneficial to lower the surface resistance of the Nb film. x
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Table IV.3.1: Some of the higher RRR values measured recently for ECR Nb films

Substrate RRR max
MgO(100) 196
MgO (110) 424
MgO (111) 197
Al, 03 (1120) 488
Single crystal Al,O3 (0001) 247
Al, O3 (1-120) 640
Cu (100) 181
Cu (110) 275
Cu (111) 245
Polycrystalline Cu fine grains 193
Cu large grains 305
AlyO3 ceramic 135
Amorphous AIN ceramic 110

Fused Silica 84
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Part V

SIS Multilayer Structures
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As seen in Part I, for the past four decades, bulk niobium has been the material of choice
for SRF cavities applications. RF cavity performance is now approaching the theoretical limit
for bulk niobium. For further improvement of RF cavity performance for future accelera-
tor projects, Superconductor-Insulator-Superconductor (SIS) multilayer structures (as recently
proposed by Alex Gurevich) [5] present the theoretical prospect to reach RF performance be-
yond bulk Nb, using thinly layered higher-T, superconductors with enhanced H.;. This section
presents the development of NbTiN and AIN based multilayer SIS structures. First, the choice
of materials for this study will be explained and an introduction of the experimental setup is
given. The results on the characteristics of NbTiN and insulator films deposited via reactive
magnetron sputtering (dc-MS) are then presented. Preliminary results on NbTiN deposition
with High Power Impulse Magnetron Sputtering (HiPIMS) and the first RF measurements on
NbTiN-based multilayer structures are then discussed.



Chapter V.1

Experiment

V.1.1 CANDIDATE MATERIALS

V.1.1.1 Superconductor: NbTiN

Although A15 compounds such as NbsSn have a higher T., the Nb Bl-compounds are less
sensitive to radiation damage and crystalline disorder.

Bl-compounds have a NaCl structure (figure V.1.1) where metallic atoms A form a face-
centered cubic (fce) lattice and non-metallic atoms B occupy all the octahedral interstices.
These compounds are characterized by the fact that they always have a certain amount of
vacancies, usually distributed randomly throughout the lattice [117]. The superconducting
properties of Bl-compounds are very sensitive to deviation from stoichiometric composition.
Among these compounds, NbN and NbTiN have the highest critical temperature.

The binary NbN has a cubic NaCl-type phase (J-phase) with a bulk critical temperature
up to 17.3 K [292, 293]. However, at temperatures below 1300 °C, the d-phase exists over
a narrow range of nitrogen concentrations. Outside this range, the tetragonal v-NbyN3 and
hexagonal, non-superconducting p-NbN phases may also form [118, 119|, resulting in films
with lower critical temperatures [294, 295, 296]. The Nb-N phase diagram is reproduced in
figure V.1.2 from [297].

T, is very sensitive to the nitrogen (N) stoichiometry and NbN suffers from a high resistivity
due to the presence of both metallic and gaseous vacancies randomly distributed in both sub-
lattices, in amount of 1.3% respectively. The equi-atomic composition is Nbg gg7No.gs7 [28]].

Figure V.1.1: NaCl-type structure NbTiN is based on
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Figure V.1.2: NbN phase diagram

The Nb-N binary phase diagram, reproduced from [297]. According to Zhitomirsky et al.,
the d-phase is formed in the black shaded region [296]. However, this seems topologically
impossible in a binary phase diagram [298]. A more likely interpretation is that 6-NbN is
formed in the region between approximately 48 and 50 atomic percent of nitrogen. While this
is a narrow range of compositions, §-NbN is not evidently unstable at low temperature.

The ternary NbTiN is about as widely used as NbN for technical applications with a T,
for the d-phase up to 18.3 K. However, the exact nature of its crystal structure is not well
described in literature. The most explicit statement about the crystal structure of NbTiN
seems to be that it has a cubic, NaCl type, crystal structure, in which Nb and Ti form a
substitutional solution with random occupation of the metal sub-lattice sites, while N atoms
occupy the non-metal sub-lattice [299, 300, 301, 301]. The NaCl structure is maintained over
a range of stoichiometries Nb;_,Ti,N [127, 302, 303].

Although NbTiN is about as widely used as NbN for technical applications, the phase
diagram of the Nb-Ti-N system is almost entirely unmapped. Several sources give isothermal
or isobaric sections of the phase diagram, as in figure V.1.3, but only at temperatures above
1200 °C [295, 301, 125] for reactive diffusion of N in Nb-ti alloys. Phase equilibrium data is
not available at lower temperatures, likely because of the material’s refractory nature.

Recent works tend to focus on the fabrication process optimization relative to the resulting
critical temperature without any crystallographic analysis or attempt to establish whether the
resultant phases are in equilibrium.

By contrast to NbN, the cubic §-phase of TiN is quite stable, existing over a wide range of
temperatures and nitrogen concentrations but with a low critical temperature, about 5 K and
lattice parameter of 4.24 A [125]. The Ti-N phase diagram is shown in Figure V.1.4 It seems
that adding titanium to the Nb-N system beneficially stabilizes the NaCl crystal structure at
lower temperatures while retaining a high superconducting critical temperature [295, 125]. Ti
is a good nitrogen getter, so the higher the Ti composition, the lower the number of vacancies.
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Figure V.1.3: Phase diagram for NbTiN at 1300 °C and 78 bars from [125].
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Figure V.1.4: Ti-N phase diagram

Thus, NbTiN presents all the advantages of NbN and exhibits increased metallic electrical
conduction properties with higher titanium (Ti) percentage. T. is slightly higher for NbTiN
but as for NbN, N stoichiometry is critical to obtaining the right superconducting phase.

V.1.1.2 Insulator: AIN

Aluminum nitride (AIN) is a dielectric material that can be grown with a wurtzite (hexagonal
close-packed, a=3.11 A, ¢=4.98 A) or metastable sphalerite (B1 cubic, a= 4.08 A) structure
(Figure V.1.5). AIN is extensively used for its dielectric and piezoelectric properties for
multilayer terra-hertz (THz) mixers and surface acoustic wave sensors. It has some excellent
properties such as chemical stability, high thermal conductivity, electrical isolation, a wide
band gap (see table V.1.1). Its thermal conductivity (3.19W /cm? at 300 K) is comparable to
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Cu (4.01W/cm?).

Figure V.1.5: Wurtzite (a) and sphalerite (b) structures.

Besides its good dielectric properties, the interest AIN presents in this study is that it has
been found, in literature, to enhance the properties (T.) of NbN and NbTiN, in particular for
very thin films [304].

V.1.2 EXPERIMENTAL METHOD

V.1.2.1

Table V.1.1: Properties of AIN

Band gap
Density
Theoretical thermal

conductivity
Thermal expansion coefficient

Relative dielectric constant ¢,
Critical field strength E.
Refractive index n

Thermal conductivity

Melting point
Lattice constant a
Lattice constant ¢

Deposition system

6.2 eV

3.3 g/cm?
320

W/mK
4.6e79/ °C
8.5

6-15

MV /em

2.15
2.0

W/cmK
>2000 °C
3.112 A
4.982 A

This study uses an ultra-high vacuum (UHV) multi-technique deposition system dedicated to
multilayer depositions [305]. The vacuum deposition system consists of a chamber (roughly
4701) in two sections, the top and bottom chambers sealed with a 26-inch Wheeler flange with
a Viton gasket. The top chamber lifts up with a mechanical hoist.
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The pumping system consists in a cc Iwata scroll pump as a roughing pump combined to
a CTI Cryo-Torr 10 cryopump (3000 1/s for air) separated from the main chamber with a 14”
VAT UHYV throttle valve. Once the chamber is roughed down to approximately 30 mTorr with
the scroll pump, the main gate valve is opened to the cryopump. A UV-B lamp system is used
to desorb contaminants from the chamber walls, mainly water. The chamber pressure drops to
10~7 Torr in a few minutes and reaches the 10~°Torr range after about 4 hours of pumping. An
ion gauge monitors the chamber pressure during this stage. The base pressure of the system
with the sample holders at temperature is in the low 10~%-high 10~1° Torr range.

A residual gas analyzer (RGA) in an appendix chamber monitors the residual species in
the chamber and is used for helium leak checking through a 6” VAT UHV gate valve. During
deposition, the RGA operates in differential pumping mode (with a Varian 81 M turbo molec-
ular pump (TMP) coupled with an IDP3 scroll pump) and monitors the sputtering gases used
for the process and residual gases through a by-pass conductance. A process gauge monitors
the sputtering gases pressure during the deposition. The partial pressure of Ny versus Ar is
regulated via actuation of variable leak valves, monitoring the ratio of the No and Ar signals

on the RGA. This method allows regulation of partial nitrogen pressure to within roughly 5
%.

The UHV deposition system is equipped with 3 water cooled AJA UHV 320 magnetron
guns which can sustain 700 W of DC power or 500 W of RF power. The magnet array is
separated from the water cooling.

The magnetrons are powered by 10 kW ENI DC-10 or a 5 kW ENI DC pulse plasma
generators for reactive dc-MS. To operate the magnetrons in HIPIMS mode, a 20 kW Huettinger
TruePlasma Highpulse 4006 (2 kV, 3 kA)is used. The supply consists of a DC power and pulsing
units combined with matching and cable length compensation (CLC) units for load and arc
management.

Two sample holders, made of OFHC Cu and 316LN stainless steel, are available on the
main chamber to allow the simultaneous deposition of witness samples to probe the quality
and properties of the individual layers and allow the variation of deposition parameters during
the same deposition run. Both sample stages can be heated up to 800 °C with an embedded
coiled heater (from ARI Industries, resistance 3582) and are equipped with rotatable shutters
to allow the deposition in the same run of multiple sets of samples with different parameters,
ensuring directly comparable environmental conditions.
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I

s .

Figure V.1.6: The UHV deposition system (top) , setup inside the chamber(bottom left) and
sample holder (bottom right)

V.1.2.2 Substrates

Substrate choice

Two types of substrates are chosen for the deposition of SIS related films. Insulating sub-
strates such as MgO (100) and (1120) AlyO3 are used because of their minimum roughness and
their structural similarity with MgO and AIN. MgO, like NbTiN and AIN, has a NaCl struc-
ture and is adequate as an “ideal case” substrate to optimize the deposited films properties.
AIN ceramic is chosen to study the influence of a rough and disordered surface as a worst case
scenario in terms of superconductor-insulator interface.

The metallic substrates are chosen to be representative of the surface of SRF cavities. They
are bulk Nb and thick Nb films deposited on Cu via ECR (see part IV).
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Substrate preparation

As for the ECR deposition process (see chapter IV.1), the insulating substrates are cleaned
according to UHV practices.

The bulk Nb substrates are mechanically polished with a similar procedure as for the Cu
substrates used for the ECR Nb deposition. They are then electropolished in an HF - HySOy4
electrolyte. The electropolishing process is much slower for Nb than for Cu. It takes about 4
hours to remove a couple of microns.

The ECR Nb/Cu films used for this study have been previously RF measured in the SIC
TEy11 cavity. The protocol for this measurement calls for the use of a cryogenic Apiezon
grease and a stainless steel ring fixture to insure good thermal contact of the sample during the
measurement. This leaves residues all over the back of the sample that need to be mechanically
wiped from the sample. The sample is then cleaned with methanol in an ultrasonic secondary
bath. The stainless steel fixture leaves a ring imprint at the periphery of the sample. However
it is outside the field sensitive region for RF measurement and is covered during deposition. It
bears no consequence on the performance of the final SIS structure.



Chapter V.2

NbTiIN and AIN Films

Before the Gurevich’ SIS concept can be implemented successfully, it is necessary to un-
derstand how the thin film microstructure and surface morphology affect the superconducting
performance of the films use to shield the underlying Nb surface from flux penetration. As
seen in chapter 1.4,

V.2.1 NDTIN films

V.2.1.1 NDTiN deposited with DC magnetron sputtering

As a first approach, NbTiN samples have been deposited as standalone layers on “ideal” sub-
strates, such as MgO (100) to promote epitaxial growth. Substrates with hexagonal structures
such as AlyO3 (1120) and wurtzite (w-)AIN/ AloO3 (1120) are also used as, ultimately, NbTiN
films will be grown on AIN to build SIS structures, in the context of this work. The substrates
were annealed for 24 hours at 600 °C before deposition to desorb impurities from the surface.
The base pressure of the system before deposition and with the samples at temperature is in
the range of 8x10~?Torr (107%Pa).

Deposition parameters

As a first step, NbTiN films were grown with NbTi composite targets of different Nb/Ti weight
ratios: 55%/45%, 70%/30% and 80%/20%. The produced NbTiN films started exhibiting
the y-phase and the d-phase with a Nbgg.,.0/ Tioguwe.% target with 99.995% purity. The total
sputtering pressure was fixed at 2 mTorr (0.27 Pa) and the ratio of No/Ar was varied from 5%
to 25% to optimize the stoichiometry and T¢.

Table 1: Coating parameters for NbTiN films

NbTiN
No/Ar 0.23
Total Pressure |Torr| 2x1073
Target power density [W/cm?| 15
Target size [mm]| 50
Substrate-target distance [mm)| 70
Deposition rate [nm/min]| 18

186
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Influence of the substrate nature

The substrate dependence of the crystallographic structures of NbTiN films was investigated by
XRD analysis. The films deposited on crystalline substrate exhibit relatively good structure.
figure V.2.1 shows the 6-20 scans for, from top to bottom, NbTiN films coated simultaneously on
w-AIN (0001)/A1,03(1120), MgO (100) and AlyO3(1120) substrates. The NbTiN film grown
on MgO shows clear (200) and (400) peaks, indicating epitaxial growth on the MgO (100)
substrate, with a lattice parameter of 4.36 A.

The film grown on sapphire exhibits epitaxial growth with NbTiN (111) and (222) reflec-
tions. For the film grown on an epitaxial AIN layer on sapphire, the 6-20 scan reveals the
expected w-AIN (0001) reflection along with NbTiN (222) and (400).

Table V.2.1 reports the critical temperature and transition width for the films represented
in figure V.2.1 and a similar series with a thickness of 175 nm. For this series, as the best

transition temperatures are achieved for MgO (100) which has a NaCl structure similar to the
film.

Table V.2.1: Transition temperatures and width for 175 and 90 nm thick NbTiN films on
different substrates.

175 nm 90 nm
TK] ATJK] TJK] ATK]
AIN(0001)/Al2O3 (1120)  14.69 0.23 14.19 0.09
AIN ceramic 13.97 0.87 12.91 0.26
MgO (100) 16.14 0.48 16.1 0.65
AlxO3 (1120) 15.33 0.45 15.43 0.45
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Figure V.2.1: XRD Bragg-Brentano (6-20) spectra for 90 nm thick NbTiN coated simultane-
ously on (a) w-AIN (0001)/Al,03(1120), (b) MgO (100) and (c) AlyO3(1120).
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Transition temperature versus thickness

In the SIS structure concept, the superconducting films need to have a thickness smaller than
the material’s penetration depth, 300 nm in the case of NbTiN. It is then important to inves-
tigate how the thickness affects the properties of the film. Good quality films with a structure
corresponding to the d-phase are produced with various thicknesses as reported in figure V.2.2
and table V.2.2 for films deposited on MgO (100). The scatter of the results is due to the vari-
ation of film stoichiometry thus quality of the films according to their location on the sample
holder during deposition. Bulk-like T, values are obtained for NbTiN films with a thickness
superior to 1 micron.
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Figure V.2.2: Transition temperatures as a function of thickness for NbTiN films grown on
MgO (100).

Table V.2.2 gives the transition temperature and width along with the lattice parameter
and RRR for a selection of films grown on MgO (100) at various thicknesses. The RRR values
are all above 1 which suggests that a lack of detectable voids and defects between grains and
that the electron transport is not dominated by a granular structure in the films .

Table V.2.2: Transition temperatures as a function of thickness for NbTiN films grown on MgO
(100)

Thickness [nm] T [K] AT [K] ag |A] RRR
10 12.11 0.91 4.3487 1

50 15.97 0.16 4.3644 1.14
100 16.57 0.21 4.3657 1.26
1625 17.2 0.06 4.3618 1.13

2500 17.26 0.03 4.3547 1.2
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Figure V.2.3: AFM scans for NbTiN films deposited various thicknesses, 50 nm, 100 nm, 2 pgm

100 nm
] o
Q
i &
(@]
] [sT1]
2 —
- o
o
o <
1 8 o
o~ o11]
P = =
2] %
= o
o "
8 1
> A -
=
=) . 1625 nm
) o
E Q =)
=4 N o
Y cgn =5
O
. | = [
i () =
o
—t N —
= ()
_ = o
= St
7] = =
- =
0
- =
L] I T I L} I L} I L} I T I L} I L] I L}
40 50 60 70 80 90 100 110

2Theta-Omega (°)

Figure V.2.4: XRD Bragg-Brentano (0-26) spectra for NbTiN coated on MgO (100) with a
thickness of (top) 100 nm and (bottom) 1.625 um.
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H_. measurements

H.1 measurements by SQUID magnetometry as described in chapter I11.1 were performed
on a series of films deposited in-situ with different thicknesses. These H.; values are reported
in figure V.2.5. Due to the current configuration of the system, these samples displayed inho-
mogeneous properties as their stoichiometry varied according to their position on the sample
holder. Only a couple of samples with a T, corresponding to the d-phase demonstrated a
modest field enhancement. Figure V.2.6 shows the moment and trapped field as a function of
applied field for these two films.
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Figure V.2.5: H,y measured by SQUID magnetometry as a function of thickness (left) and T,
(right)

In order to produce well defined thickness series of sample for H.; measurement, the config-
uration of the system has to be modified so each magnetron can be positioned at the optimum
location , but this will be addressed later.
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Figure V.2.6: SQUID measurements for two NbTiN/MgO samples of respective thickness of
50 nm (left) and 100 nm (right).

Surface resistance measurements for a thick NbTilN

A 2pm NbTiN thick film was coated on a 50 mm MgO (100) substrate. The film has a bulk-like
T, of 17 K. Both XRD and EBSD show that it is a NbTiN (100) single crystal. As it has been
predicted and observed in the past [130], the surface resistance of thick NbTiN is much higher
than for Nb as shown in figure . This is due to its higher normal resistivity.
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Figure V.2.7: Surface resistance versus temperature for a 2.5 micron thick NbTiN film

Secondary Electron Yield of NbTilN

As seen in chapter 1.2, multipacting can be present in certain cavity geometries. To verify that
NbTiN deposited on an SRF cavity would not present added risk for multipacting, secondary
electron yield (SEY) measurements were carried out at CERN on a NbTiN layer and are
represented on figure V.2.8. Measurements were done at room temperature on 3 locations on
the sample as received (labeled NbTiN). The maximum SEY was 2.240.1 which is comparable
to electropolished bulk Nb. A similar set of measurements (labeled NbTIN sputtered) was
repeated after sputtering away about 2 to 3 nm of material (until the carbon peak vanished
on the XPS spectrometer). The SEY decreased then down to 1.15. In the case of an SRF
cavity in operation bellow 4.2 K, water and other species would be adsorbed on the surface
and contribute to the SEY. On the other hand, the application of RF power would contribute
to the desorption of such adsorbed species. Thus the multipacting situation will be somewhere
in between these two points for a cavity coated with a NbTiN SIS structure.



194 NBTIN FILMS

2.2 . .
—e— NDbTIN 1
2.0¢ A— NbBTIN 2
—=— NDbTIN 3
1.8t —&— NDTIN sputtered 1|
—e— NDTIN sputtered 2
1.6} NDbTiN sputtered 3 |
E 14+
n
1.2}
1.0+
0.8+
0.6

0 200 400 600 800 1000 1200 1400 1600 1800
Primary Energy [eV]

Figure V.2.8: SEY measurements performed on a NbTiN film

V.2.1.2 Preliminary studies of NbTilN deposited with HiPIMS

As mentioned earlier, energetic condensation, as for Nb films, could benefit the NbTiN layers.
As it has been demonstrated by A. Ehiasarian and [307], as for elemental films, HIPIMS can
produce denser and enhanced NbN films. We then propose implement energetic condensation
for NbTiN films with this technique.

Discharge parameters

Preliminary tests were also conducted to deposit NbTiN with HIPIMS. With the 50 mm AJA
magnetrons available in the system, the average power is limited to below 700 W DC and 500 W
RF. These magnetrons also have an intrinsic operating pressure that is higher than 1.5 mTorr
(0.2 Pa). Therefore for these tests, the total pressure of sputtering gas was maintained between
1.6 mTorr (0.21 Pa) and 2 mTorr (0.26 Pa). These tests were conducted with and without the
HiPIMS supply matching unit connected. Without the matching unit, the discharge is very
unstable with a large number of arcs and the total sputtering gas pressure has to be increased
above 5 mTorr (0.66 Pa). No bias voltage was applied to the substrates. Table V.2.3 gives the
coating parameters for the films deposited with HiPIMS.
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Figure V.2.9: Oscilloscope trace for a HIPIMS pulse in reactive mode (580V, 140A peak current,

100 ps, 200Hz

Table V.2.3: Thickness as a function of HiPIMS deposition parameters (with the matching

unit)
Thickness Average Peak current  Pulse width Repetition g;)nzztlng
[nm)] Power [W] [A] [pom] rate [Hz| fmin]
30 100 115 100 100 120
250 400 140 100 200 120
230 400 100 150 200 30
118 400 150 100 200 30
252 400 150 100 200 60
218 400 150 100 200 120

HiPIMS NbTiN film analysis

©-26 scans of the first films produced by HiPIMS reveal that only the films produced with
an average power of 400 W and repetition rate of 200 Hz have the §-phase (Figure V.2.10.

The measured T, is 16.6 K for a 250 nm thick film.
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Figure V.2.10: ©-260 scan for HiPIMS NbTiN film coated at 450°C

V.2.2 AIN films deposited with DC-MS

So far, AIN deposition was only investigated with dc-MS.

V.2.2.1 Deposition parameters

Reactive sputtering of an elemental Al (99.999%) target was carried out with different No/Ar
ratios and power values. The MgO (100) substrates were heated to 600 °C for 24 hours. They
were maintained at the same temperature during coating and for 4 hours after, for annealing.
The AIN layers became fully transparent for No/Ar ratios of about 33%. The corresponding
deposition conditions are reported in table V.2.4.

Table V.2.4: Coating parameters for AIN

AIN
Ny/Ar 0.33
Total Pressure [Torr| 2x10~3
Target power density [W/cm?| 5
Substrate-target ratio [cm]
Deposition rate [nm/min]| 15

V.2.2.2 Structural Measurements

The films were examined by 6-26 x-ray diffraction with Cu K« radiation. Figure V.2.11 (top)
shows a 6-26 scan of an AIN film of about 10 nm in thickness. The scan shows the expected MgO
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(200) and (400). The only reflections observed for AIN are at 38.54 © and 82.70 °, corresponding
to BI-AIN (111) and (222) respectively. The lattice parameter ag is 4.04 A. However if the
coating temperature is lowered to 450 °C, only hexagonal peaks are encountered for AIN in
the grazing angle XRD measurement as presented in figure V.2.11 (bottom). The AIN films
are reported [308] to typically nucleate in the cubic phase on substrates such as MgO but with
subsequent growth the structure switches to hcp at low temperature. The energy needed to
stabilize the cubic phase could be provided with biased HiPIMS deposition.
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Figure V.2.11: XRD Bragg-Brentano spectrum for AIN coated on MgO (100) at 600 °C (top)
and 450 °C (bottom, grazing angle)
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V.2.2.3 Ellipsometry measurement

A couple of AIN films deposited at 450 °C on MgO (100) were measured by ellipsometry. The
fitting of the data uses a Cauchy layer model with Urbach absorption to model the optical
constants of the AIN, along with bulk MgO optical constants, and a roughness layer with 50
% void fraction with ambient. The thickness and roughness of the AIN layers were taken from
XRR measurements (respectively 30.409 nm and 28.817 nm in thickness and 0.618 nm and
0.449 nm in average roughness).

The refractive index measured for these films are in the reasonable range of 1.98 - 2.15,
corresponding to those of polycrystalline AIN films previously reported [306].
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Figure V.2.12: Ellipsometry measurement of two AIN films deposited on MgO (100) at 450 °C



Chapter V.3

SIS Multilayers based on NbTiN

In order to study the properties of the films in a realistic SIS configuration and test their
ability to shield an SRF surface , series of SI (superconductor-insulator) layers were deposited
on surfaces representative of SRF cavities, i.e. bulk Nb and ECR Nb/Cu thick films. In order
to easily determine the T, of these structures, witness samples were also deposited on MgO
and on AIN ceramics. The properties of the NbTiN films are found to be highly dependent on
teir substrate. It is therefore important to consider the effect of a realistic interface between

superconductor and insulator layers in SIS structures.

V.3.1 Characterization of NbTiN/AIN structures

NbTiN based SI structures were deposited with a 20 nm AIN layer on MgO (100) and AIN
ceramic. The AIN ceramic substrates present a polycrystalline wurtzite structure. An example
of the 6-260 XRD scan for such structures on each of these substrates is given in figure V.3.1.
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Figure V.3.1: 6-20 XRD scans for NbTiN/AIN structures on MgO (left) and AIN ceramic
(right)

Although the polycrystalline AIN substrate has a much higher roughness than MgO (100),
average roughness 10 nm versus 0.1 nm (see figure V.3.2), it seems to present a better template
for AIN growth. If one can deposit a high quality AIN interlayer, the average roughness to
some extent does not seem to inhibit T,, as seen in figure V.3.3. However, the influence of
the surface roughness on H.; in a parallel field configuration should be investigated as it could

induce perpendicular contribution to Hy.
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CHARACTERIZATION OF NBTIN/ALN STRUCTURES
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Figure V.3.2: AFM scans for the NbTiN/AIN structures deposited on MgO (100) and AIN
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V.3.2 Interface analysis

SIS structures based on NbTiN and AIN have been coated at 600 °C, 450 °C and 350 °C on
bulk Nb and ECR Nb films (Nb/a-AlyO3 and Nb/Cu) after a 24 hour bake-out at 600 or 450
°C. The samples were then annealed post-deposition at coating temperature for 4 hours.

Figure V.3.4 shows the TEM cross-section of a NbTiN/AIN/Nb structure coated at 600
°C. One can observe a smearing of the AIN into Nb and NbTiN. There is some inter-diffusion
of Al into Nb and NbTiN similar to what has been reported by Yoshimmori in [308]. The
close-up on the right of Figure V.3.4a, shows the NbTiN film is polycrystalline but the AIN
layer is amorphous.
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A-M #2 100 nm JLab A-M sample #2 5 nm
Print Mﬂg: 236000x @ 7.0 in HV=200.0kV Frint Mag: 3900000x B87.0in HV=200.0kV
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Figure V.3.4: TEM image of a FIB cut NbTiN/AIN/Nb/Cu structure.

Following this observation, the coating temperature was reduced to 450 ° C, allowing film
growth without inter-diffusion of Al for the AIN film and with minimum effect on T, for NbTiN.
Figure V.3.5 shows the TEM cross-section which reveals polycrystalline NbTiN and AIN layers
of a thickness of 250 nm and 15 nm respectively and with relatively sharp interfaces. The
structure was examined by 6-26 x-ray diffraction with Cu K« radiation. The scan shows
reflections for Nb (100) and (200), AIN (111) and NbTiN (111). The lattice parameters apare

respectively3.301 A, 4.041 A and 4.330 A for Nb, AIN and NbTiN.

Closer observation of a similar structure, with 150 nm NbTiN and 15 nm AIN layers, in
the STEM with associated EDS mapping, represented in figures V.3.6 and V.3.7, still reveals
some inter-diffusion layer of about 2 nm on both sides of the AIN layer. The bulk Nb interface
shows also so residual smearing from mechanical polishing.
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Figure V.3.6: STEM imaging for NbTiN/AIN/Nb with the HAADF and associated EDS maps
for Nb, Al and Ti.
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Figure V.3.7: EDS map corresponding to the HAADF from figure V.3.6

V.3.3 Evaluation of SIS RF performance

As the RF performance is the best measure to probe the quality of SRF surfaces for cavity
applications, a few SIS layers were also prepared on 50 mm (2) Nb surfaces, both bulk and
thick ECR films.

V.3.3.1 NbTiN/AIN/ECR Nb thick films

The films used here as substrates were coated ex-situ in the ECR chamber on a AlyO3 (1120)
and large grain Cu substrates. Both films were RF measured after the ECR coating and
presented a similar RF behavior (see figure V.3.8).

The first multilayer structure was deposited at 450 ° C after heat-treatment at 600 ° C on
the ECR Nb/Al;O3 (1120). The NbTiN and AIN layers are respectively 150 nm and 20 nm
thick. The Rg measurement as a function of temperature is shown in figure V.3.8 along with the
measurement performed on the standalone ECR Nb film before the SIS deposition as reference.
It shows a suppressed T, of about 8.5 K for the Nb film where it was previously measured at
9.3 K. This is due to oxygen diffusion into the thin film resulting from the oxide layer reduction
during the 600 ° C bake-out before deposition. The NbTiN layer shows a transition at about
14.7 K.
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Figure V.3.8: Surface resistance as a function of temperature for a NbTiN/AIN structure coated
at 450 °C on ECR Nb / (1120) AlyOg3 film after a bake-out at 600 °C. The NbTiN layer is
150 nm thick with a T, of 14.7 K. The previous Rsmeasurement on the stand alone ECR Nb
/ (1120) AlyO3 film and a large grain bulk Nb film are also plotted for reference.

The second multilayer structure was then deposited at 450 ° C after heat-treatment at 450
°C on the ECR Nb/large grain Cu in order to limit the degradation of the thick Nb film due
to oxide diffusion. The NbTiN and AIN layers are respectively 148 nm and 20 nm thick. As
shown on figure V.3.9, the RF measurement reveals two transitions at about 9.2 K for bulk
Nb as expected and at 16 K for the NbTiN layer. There was no T, degradation of the film
with the 450 °C heat-treatment prior deposition. The surface resistance for the SIS coated Nb
film is higher than the resistance of the standalone film below 4.2 K. However, above 4.2 K,
the BCS resistance is clearly lower for the SIS coated Nb/Cu film compared to the standalone
film.

In a practical application to SRF cavities, to avoid the diffusion of oxygen into the Nb
material during bake-out, one can also remove the Nb oxide layer by in-situ plasma etching. If
dealing with thick Nb/Cu surfaces, a better solution would be to coat both the Nb film and
SIS structure in-situ, provided that the deposition techniques for optimum RF performance for
these two types of SRF films can be implemented in the same deposition system. This option
will be explored in the near future with the implementation of HiPIMS for Nb films (refer to
chapter VI.2).
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Figure V.3.9: Surface resistance as a function of temperature for a NbTiN/AIN structure coated
at 450 ° C on a ECR Nb/Cu film after a bake-out at 450 ° C. The previous Rs measurement on
the stand alone ECR Nb/Cu film and a large grain bulk Nb film are also plotted.The NbTiN
layer is 148 nm with a T; of 16 K.

V.3.3.2 NDbTiN/AIN on bulk Nb substrate

A NbTiN/AIN structure was also coated on bulk Nb at 450 ° C after a heat treatment at 600
* C. This structure corresponds to the TEM cross-section in figure V.3.10. The NbTiN and
AIN layers are respectively 230 nm and 20 nm thick. In this case the high temperature heat
treatment is not necessarily detrimental for bulk Nb as oxygen can diffuse far away from RF
penetration depth. Cooling and RF setup issues during the measurement prevented the full
measurement of the surface resistance. However the loaded quality factor was measured and is
represented in Figure V.3.10. It reveals two transitions at about 9.2 K for bulk Nb as expected
and at 16 K for the NbTiN layer. One can also see here a clear improvement in RF losses of
the Nb surfaces coated with NbTiN/AIN structures compared to bulk Nb.
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Figure V.3.10: Quality factor as a function of temperature for the NbTiN/AIN/Nb (bulk and
films) structures measured in the SIC setup and compared to large grain bulk Nb.

V.3.3.3 Modification of the UHV system for effective multilayer deposition

In order to deposit in-situ multilayers with the current system configuration, the magnetrons
position relative to the substrate is not optimum leading to the inhomogeneity across the sample
holder in sample quality. To solve this issue, a rotating central stage has been designed and is
currently being implemented. It will allow the deposition of each layer in optimal position for
the magnetron relative to the substrate to avoid the variation in film quality observed so far.

Two sample holders are fixed on a rotating and differentially pumped 10” conflat flange
system (Thermionics RN 800). This system also supports all the feed-throughs for the heaters,
thermocouples, bias leads, and thickness monitors.

Each sample holders is constituted of 2 parts: the support and heater fixture and the
sample holding plate. The sample holding plate is detachable from the support for ease of
sample exchange while the support with all the wiring connections stays in place in the system.
It is composed of a fixture plate and of bias seats, electrically insulated from the rest of
the holder. There are two types of bias seats, one for bias studies in the development of
NbTiN and AIN layers with HiPIMS, the other one for in-situ multiple thickness deposition at
constant bias. Each sample holders is equipped with a Momentive 3" or 2” pyrolitic BN heater
and a thermocouple electrically insulated. A thickness monitor is mounted at the top of the
sample holder. Translational shutters are mounted in front of the holders for variable thickness
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Figure V.3.11: Representation of a new ULV central stage

deposition within a run and to shield the substrates during target conditioning.

An additional 4.5” Eterna DC power 3 kW magnetron is also added to the system to fully
exploit the HiPIMS power opportunities. To allow in-situ plasma cleaning or etching of the
substrate prior coating, a 20 kW Mantis ion source, housed in a retractable bellow, will also
be installed.



Chapter V.4

Summary

In this section, it has been demonstrated that good quality NbTiN and AIN films can be de-
posited by dc-MS Bulk, i.e. thicker than 1 micron, NbTiN films are readily produced with
a T, of 17.25 K, close to the bulk value. AIN dielectric films of various thicknesses are pro-
duced with good dielectric properties. Modest H.; enhancement has been observed by SQUID
magnetometry for some NbTiN films. Further studies of the H.; enhancement of thin NbTiN
layers are necessary both on MgO substrates and on thin AIN layer deposited on MgO and for
both deposition techniques, dc-MS and HiPIMS. Relatively good quality SI NbTiN/AIN layers
have been produced on samples with a T, for the NbTiN layers between 16.6 and 16.9 K. It
has been shown that, if the dielectric can be grown as an adequate template for the super-
conducting NbTiN film growth and the growth temperature is high enough to provide enough
adatom mobility, the substrate macro-roughness is not necessarily detrimental to the T, of
the superconducting film. Further improvement of the interfaces is however needed. HiPIMS
deposition may be useful in improving the structure of both NbTiN and AIN.

The RF characterization of NbTiN/AIN structures coated on Nb surfaces show indications
that SIS coated Nb surfaces, both bulk and thick film, have a promise to delay flux penetra-
tion and lower RF losses for SRF cavities. Much is still needed to be to develop a practical
application for SRF cavities. In particular, a systematic study of the effect of the NbTiN film
thickness in the S-I-S structure over the RF performance enhancement is crucial.

To pursue the development of NbTiN/AIN structures where both types of layer are coated
in optimum conditions, some modifications of the deposition system need to be implemented.
At this effect, a central stage has been designed and built and will be installed in the very near
future.
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Part VI

Conclusions and Future Work
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This section gives a summary of the work presented in this dissertation and describes briefly
future work and directions for further development of thin film structures for SRF applications
for both avenues, engineered bulk-like Nb films and SIS multilayers. Much work has yet to be
done to produce high performing SRF cavities based on Nb films and SIS multilayer structures.



Chapter VI.1

Conclusions

The main purpose of the present work has been to develop experiments to engineer Nb films
with bulk-like properties and to evaluate the potential of multilayer SIS thin film structures
for SRF applications.

Both hetero-epitaxial and fiber growth modes of Nb have been studied under different
conditions with the objective to contribute to the determination of optimum coating parameters
for SRF surfaces based on thick Nb films. Much more work is still needed to fully optimize
the film growth for ultimate RF performance, but some insight has been gained. The influence
of the ion energy and temperature on the structure of the film has been studied exploring the
different regions of the Modified Structure Zone Diagram proposed by Anders [15] both on
“ideal” and practical surfaces, such as Cu, for SRF cavities. Both

Single-crystal-like Nb films have been produced by ECR plasma deposition on a variety
of crystalline substrates, metallic and insulators. The orientations of the thin films depend
strongly on the substrate crystal planes, as well as on the bias voltage i.e. the kinetic energy
of the incident Nb™ ions. The minimum substrate heating temperature (about 360 °C) to
promote epitaxy via ECR coating is moderate, roughly 0.237,, n3. The growth of Nb films
on polycrystalline and amorphous surfaces was also studied, revealing that, by tuning the ion
energy and substrate temperature, the structure of the film itself can be tuned. It was also
shown that the content of harmful impurities such as hydrogen is orders of magnitude lower for
ECR Nb films than for state of the art bulk Nb surfaces. Good quality films can be produced
at substrate temperatures practical for SRF applications.

The past arguments that Nb films have an inherent limitation due to their low RRR are
here refuted. It was demonstrated that ECR Nb films RRR values can be tuned from single
digits to bulk-like values. Unprecedented RRR values(table IV.3.1) have been measured on Nb
films on a variety of substrates. The superconducting gap measurements demonstrated that
the ECR films gap is very similar to bulk Nb.

The evaluation of the RF performance of ECR Nb films is ongoing. The RF performance of
some of the Nb films deposited on Cu and AloO3 (1120) was measured. Although the interpre-
tation of the RF results is hindered by the limitation of the system used, some trends emerge.
It was also shown that grain boundaries in high quality Nb films are not necessarily detrimen-
tal to RF performance. Films deposited on re-crystallized polycrystalline Cu substrates have
RRR values as high as a single crystal like Nb film deposited on "ideal" sapphire substrate and
can have a similar RF behavior. RF measurements also show that treating the film growth in
phases, nucleation/early growth and subsequent growth, can be beneficial to lower the surface
resistance of the Nb film.
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The development of SIS multilayer film structures following the Gurevich’s concept has
been studied with NbTiN and AIN as respectively the highest Tc superconductor and insu-
lator. It has been demonstrated that good quality standalone NbTiN and AIN films can be
deposited by de-MS. Bulk, i.e. thicker than 1 micron, NbTiN films are readily produced with a
T, of 17.25 K, close to the bulk value. AIN dielectric films of various thicknesses are produced
with good dielectric properties. The first depositions of NbTiN films with energetic condensa-
tion via HiPIMS have been performed with reasonable results. Modest H.; enhancement has
been observed by SQUID magnetometry for some NbTiN films. Further studies of the H
enhancement of thin NbTiN layers are necessary both on MgO substrates and on thin AIN
layer deposited on MgO and for both deposition techniques, dc-MS and HiPIMS. Relatively
good quality SIS NbTiN/AIN layers have been produced on samples with a T, for the NbTiN
layers between 16.6 and 16.9 K. It has been shown that, if the dielectric can be grown as an
adequate template for the superconducting NbTiN film growth and the growth temperature is
high enough to provide enough adatom mobility, the substrate macro-roughness is not neces-
sarily detrimental to the T, of the superconducting film. Further improvement of the interfaces
is however needed. HiPIMS deposition may be useful in improving the structure and properties
of both NbTiN and AIN at the small thicknesses required for the Gurevich’s concept.

The RF characterization of NbTiN/AIN structures coated on Nb surfaces show some in-
dications that SIS coated Nb surfaces, both bulk and thick film, have a promise to delay flux
penetration and lower RF losses for SRF cavities. Much work is however still needed to develop
a practical application for SRF cavities. To pursue the development of NbTiN/AIN structures
where both types of layer are coated in optimum conditions, some modifications of the depo-
sition system need to be implemented. At this effect, a central stage has been designed, built
and installed.



Chapter VI.2

Future Work

VI.2.1 Interface engineering for optimum Nb film deposition on
Cu and Al

As seen in this work, the interface of a film with its substrate is at the origin of the quality of
the final deposited film and in many circumstances drives the growth. Further tailoring of the
Nb film and substrate interface would be beneficial to achieve a full control of the subsequent
film growth.

To allow a better control of the cleanliness of the interface between the film and the sub-
strate, a common technique is to apply an in-situ Ar plasma or glow discharge to the samples
prior deposition. Preliminary tests were performed with the multi-bias samples at various bias
voltages in an Ar atmosphere at 5.10~° Torr (limited by the configuration of the system) with
the main gate valve throttled to its half position. However, contamination due to the etching,
along with the substrates, of the fixation hardware hindered the results. A thin contamination
layer was found at the interface of the film and for some of the films, percolated to the film’s
top surface. EDS examination of the samples showed Fe, O contamination of the film and
EBSD showed a break in epitaxy on single crystal substrates, which had never been observed
before for ECR Nb films. Despite such a contamination of the interface, the Nb films RRR
were surprisingly high, ranging from 96 up to 307 for films deposited on (1120) Al;O3 and
from 18 to 147 on polycrystalline Cu. In order to perform this study effectively, the system
needs some modifications, such as adding a process gauge, modifying the sample holder so the
fixation hardware is hidden from the plasma. The use of a higher Ar pressure for a proper
glow discharge and less energetic ions should be explored. One can also use higher energy
(~ 1000eV) Ar or Nb ion to modify the substrate surface structure (amorphitization) and
create a controlled inter-layer (ion stitching or inter-mixing).

Further exploration of the film growth with dual ion energy and pulsed bias voltage and the
evaluation of other substrates, such as Al, suitable for SRF applications should be pursued. So
far, the ion energy during growth was varied only between nucleation and subsequent growth.
However, the energy could also be alternated all along the growth of the film by using a pulsed
bias, thus juggling the creation and annihilation of defects during film growth. Another step
in engineering SRF Nb films is to explore further the ion energy influence for coating the final
SRF surface (top 40 nm). One can imagine to add a coating step at higher ion energy for the
very top film thickness corresponding to the penetration depth.

Another material of interest as a Nb film cavity substrate is aluminum (Al). This castable
material could allow to decouple the SRF surface from the supporting structures, opening doors
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for SRF cavities and other component fabrication in fully integrated system. The potential of
this substrate material should also be explored.

VI1.2.2 Cayvity deposition of high quality Nb films

VI1.2.2.1 Beyond accelerator applications - ENS Fabry-Perrot mirrors

SRF cavities have applications beyond particle accelerators. Photons trapped in a n SRF cavity
constitute an ideal system to realize some experiments in quantum physics. The interaction of
these trapped photons with Rydberg atoms crossing the cavity illustrates fundamental aspects
of measurement theory. The experiments performed with this photon box at Ecole Normale
Supérieure (ENS) belong to the domain of quantum optics called cavity quantum electrody-
namics (CQED). Experiments with circular Rydberg atoms and Fabry-Pérot resonators have
led to fundamental tests of quantum theory and various demonstrations of quantum informa-
tion procedures. The open geometry of the cavity is essential to allow a perturbation-free
propagation of long-lived atomic coherences through the mode. A few years ago, sputtered
Nb/Cu technology was applied to these Fabry-Perot resonators to improve the residence time
and quality factor.

piezos I 1

Figure VI.2.1: Photograph of the cavity assembly with the top mirror removed. The atomic
beam path is visualized by the arrow. The four posts are used to mount the upper mirror. The
piezoelectric actuators, centered by the white Teflon cylinders, surround the posts [309].

The copper mirrors are diamond-machined with a 10 nm residual roughness and an overall
300 nm surface accuracy over the whole 50 mm diameter. The surface is toroidal, with two
different radii of curvature (39.4 and 40.6 mm) in two orthogonal planes. This geometry lifts by
1.2 MHz the degeneracy between the two TEMggy modes with orthogonal linear polarizations
in order to ensure efficient coupling of the atoms to a single mode only.

After machining of a gross shape, the mirrrors are annealed to 400 °C in vacuum and cooled
down to liquid nitrogen to remove stresses. The final surface is then machined and measured by
optical interferometry. The thickness of the mirrors (30 mm) avoids surface deformation, the
back of the mirrors is polished to a 1 um accuracy and rests on a polished holder. Although it
is convenient to use coupling holes (irises) pierced at the mirror apexes to couple microwave in
and out of the mode , these irises strongly affect the mirror surface quality at the critical apex
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point. Thus this cavity was designed without couping holes. Microwave is fed in the mode
through the residual diffraction losses. A 12 um Nb layer is deposited on the carefully cleaned
mirror surfaces by magnetron sputtering. The mirrors are then mounted in the evacuated
cryogenic apparatus. Such Nb/Cu resonators allowed to increase the atom residence time and
achieve cavity quality factor Q of 4.210'0 with a finesse of 4.610%, the highest ever achieved
in any frequency domain for this geometry. In the framework of these experiments, there is
continuous interest in increasing further the quality factor of these resonators.

Therefore some plane and torroidal mirrors have been coated via ECR and will be soon
tested in the QED setup at the Laboratoire Kassler-Brossel, College de France, in the group
of Serge Haroche and Michel Brune.

VI.2.2.2 Nb/Cu cavity deposition with ECR enhanced magnetron sputter-
ing

A way to relatively easily apply ECR plasma deposition to SRF cylindrical cavities is to
replace the e-beam gun by a cylindrical magnetron as Nb source. One can imagine using a
cylindrical magnetron with a similar geometry as the CERN sputtering system for Nb/Cu
cavities (Figure VI.2.2).

If a cylindrical cathode is used, a transverse magnetic field is applied along the axis of
the cylinder. Typical cylindrical magnetron configurations are post magnetrons or hollow
cathode. In the post magnetron case, the cylinder is the cathode and the outer cylinder
is the anode (substrate), while in the hollow cathode case it is the reverse. In both cases,
cathode wings (mirrors) are necessary to achieve plasma confinement. With such a system,
low-pressure discharges with high deposition rate and good uniformity of axial distribution
were demonstrated for metallic tube coatings by Yonesu et al.[311]. Other studies show an
enhancement of the deposition rate by the applied microwave power in an ECR-MS with a
cylindrical target [312, 313].
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Figure V1.2.2: Envisioned ECR-MS setup for Nb thin films cavities

VI1.2.3 Towards multilayer SIS structure deposition on SRF cav-
ities

The development with HiPIMS for NbTiN and AIN based SIS structures is far from being
complete. It will be pursued along with the studies of the H.; enhancement for both dc-
MS and HiPIMS thin NbTiN with the deposition of controlled thickness series for single and
multilayers with the new central stage in the UHV system. In the context of exploring the
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benefit of SIS structures also for Nb/Cu films, the HIPIMS parameter space needs to be mapped
in the UHV system to reproduce the results achieved with the ECR plasma deposition.

Although planar samples can be tested in various RF testing setups available in different
institutions (sapphire loaded TEq;; at JLab and at Cornell University, Mushroom TEq;3 cavity
at SLAC, Dielectric resonator at MIT, quadrupole resonators at CERN and FZB (Germany) ,
these measurements have their own inherent limitations often inhibiting the clear interpretation
of the results. A clean measurement would, of course, be provided by SRF cavities coated with
SIS structures as no issue with edge effects is present in this configuration.

At this effect, a multi-layer cavity deposition setup is being designed as an attachment
of the UHV system to provide a proof of principle of the SIS concept on elliptical cavities
while building on existing infrastructure. Coat SIS multilayer structures on bulk Nb and on
Cu (includes in-situ coating of Nb layer) cavities. Figure VI.2.3 gives a representation of the
envisioned setup.

Figure VI.2.3: Concept for a single cell deposition setup as an attachment to the UHV depo-
sition system. Inset shows a cross-section of the setup.

The cylindrical magnetron is movable in a sectioned cathode with Nb, NbTi and Al cathode
sections, electrically isolated from each other. The cathode is housed in a welded bellow on
tracks. Each section of the cathode can be introduced in the cavity with a stepper motor for
sequential coating of Nb, NbTiN and AIN. The cavity is electrically insulated from the system
to allow direct biasing. This method could equally be applied to bulk Nb and Nb/Cu cavities
(in-situ coated thick Nb film).

VI1.2.4 Multilayer SIS structures based on other materials

NbTiN is not necessarily the ultimate candidate material for SIS structures. Thus, exploring the
deposition of other alternative materials with energetic condensation via HiPIMS is definitely
of interest.

Recently, MgBs based SIS layers have demonstrated enhanced RF performance [24]. To
this day, the best MgBs films have been produced by chemical or hybrid chemical-physical
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deposition techniques at high coating temperatures. Energetic condensation could be applied
to this compound using potentially a lower coating temperature.

One can also imagine to explore the use of long-range ordered superconductor in SIS struc-
tures with Hybrid energetic condensation of Nb3Sn (lower coating temperature). Since Nb and
Sn sputtering yields and melting temperatures are drastically different, energetic condensation
could be used to create hyperthermal Nb ions and sputtered or evaporated Sn. This would lead
to the potential of lowering the temperature needed to produce the adequate A15 phase. As
seen in chapter 1.4, the temperature needed to produce the LRO A15 phase for NbgSn is above
900 °C, which limits the use of Nb3Sn based SIS structures to bulk Nb cavities. Arguments
exist that NbsSn films could be beneficial to the SRF field only as thick films [314, 315, 316].
Both uses could be explored.
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